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TRANSLATOR’S PREFACE 


ScHxiLE’s Technische Thermodynamih is extensively used in the technical 
schools throughout central Europe. This volume is a translation of 
Volume I of his work, and was undertaken in order to present, to British 
readers, not only the thermodynamic problems from a new angle, but 
also to give a survey of the results of a considerable amount of recent 
German experimental work. It is hoped that the latter, together with 
the numerous references found throughout the book, may prove of 
special use to research students. 

The first six chapters are devoted mainly to the laws of gases, and 
are applicable, therefore, to internal combustion engine problems. The 
remaining four chapters deal with the properties of steam' and other 
vapours. In practical steam work the Fahrenheit scale is almost always 
employed in this country, and, hence, in these chapters, the original 
Centigrade temperatures have been changed to Fahrenheit, while, in the 
earlier chapters, the Centigrade values have been retained. 

In the original German text the pressures are given in kg./cm.^ or, in 
Continental nomenclature, “technical atmospheres.” In practically all 
cases these have been converted to British units, i.e. Ib./in.^ The heat 
units have also been expressed in British units (C.H.U./lb. or B.Th.U./lb.). 
As a copsiderable amount of arithmetical work has been required in 
these conversions it is possible that slips may have occuiTed. Notification 
of these will be gratefully acknowledged by the translator. 

Prior to Professor Sch tile’s lamented demise in 1931, the translator 
was in communication with him regarding several corrections to the 
original German text. These corrections, accepted by Professor Schiile, 
are incorporated in this translation. ^ k 

The translator desires to express his glati&d^ to Professor W. J. 
Goudie for his encouragement and helpful criticisms, and for the large 
amount of work he has undertaken in reading through the proofs. 


James Watt Engineering Laboratories, 
University' of Glasgow. 

June^ 1933 . 


E. W. GEYEB. 
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INTRO'DUCTION 

GENERAL CLASSIFICATION OE GASES, VAPOURS 
AND LIQUIDS 

Gases. Permanent gases are distinguished from vapours, in that they 
are not readily condensed at normal temperatures, even when subjected 
to high pressures. 

The following are examples of the commoner simple gases of technical 
importance (diatomic) : oxygen (Og), nitrogen (Ng), hydrogen (Hg), carbon 
monoxide (CO), nitric oxide (NO), and the polyatomic gases: methane 
or marsh gas (CH^), ethylene (C2H4), and acetylene (C^Hg). 

The following substances, under the conditions stated, can also be 
regarded as gases; carbon dioxide (CO2) at high temperatures, and 
steam (HgO) at flue gas temperatures or very low’' pressures. 

The following gas mixtures are of technical importance : atmospheric 
air, town gas, producer gas, blast furnace gas, coke oven gas, and the 
products of combustion in the heated state at exit from boilers and internal 
combustion engines. 

Saturated vapours and liquids. Contrary to the case with gases, the 
aggregate state of saturated vapours is quite unstable. Small changes in 
temperature, pressure, or volume can result in a partial change from 
the vapour to the liquid state (mist formation) or vice versa. Many vapours 
exist simultaneously with the liquids. Vapours and liquids of technical 
importance are : water (H2O), ammonia (NH3), sulphur dioxide (SO2), 
carbon dioxide (CO2), and, at normal temperatures (below’^ 32 ° C,), chlorine 
(CI2). In addition, there are the mineral oil distillates used in internal 
combustion engines (such as petrol, paraffin, and gas oil), which consist of 
hydrocarbons in varying proportions, as well as the heavy oils such as 
naphtha, etc., the residuals of mineral oil distillation, and spirit alcohol 
(CgHgO and water). 

Further, there are the important oils obtained from the distillation 
of hard and bituminous coal. These are called hard or bituminous coal 
tar oils. Benzene (CgHg) belongs to the first group, but in its commercial 
form benzene is mixed with toluene (C7Hg) and xylene (CgH^Q). The 
bituminous coal tar oils, such as paraffin crude oil and the oils of 
various composition derived from this oil, are known generally as 
“ paraffins,” 

An example of the properties of vapours is furnished by the water 
vapour present in the atmosphere. Due to relatively small fluctuations 
of pressure and temperature, the vapour continuoiisly changes into the 
wet state (forming mist or clouds) or into the liquid state (rain) or the 
solid state (snow, hoarfrost), or vice versa. 

Wet and dry vapour. If vapours are in contact with a liquid surface 
(e.g. in a boiler) they contain liquid drops in the form of mist and are 
said to be wet. This is the usual condition of saturated vapour, and 
occurs even without the liquid surface being present- Complete dryness 
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is a limiting state (between wet saturated and superheated) and is very 
unstable. 

The state of dry saturation is, however, important, since wet vapour 
is to be regarded as a mixture of dry saturated vapour and liquid at the 
same temperature. 

Superheated or unsaturated vapours. As in the case of gases, the 
state of aggregation of these substances remains constant during changes 
of temperature, pressure, and volume, but only within definite yet 
moderately wide limits. Contrary to the case with gases, they can be 
reduced to the vapour state by even a moderate change in pressure or 
temperature. 

Conversely, all saturated vapours can be superheated by the addition 
of heat. 

Por the same substance, e.g. steam, the saturated and superheated 
states are distinctly different, since the substance is governed by different 
laws in these states. For the same reason a distinction has to be made 
between gases and superheated vapours. 

If the weight of vapour (formed, for example, by the evaporation of 
liquid) contained in a given space is less than the maximum possible at 
the existing temperature, the vapour is superheated. This accounts for 
the use of the term “ unsaturated,’’ which is sometimes applied to super- 
heated vapour. The space wUl only be saturated with vapour when it 
can absorb no more vapour. 

x^itmospheric vapour can again be cited as illustrating the properties 
of superheated vapour. Condensation of this (unsaturated) vapour can 
only occur when the temperature has dropped to a certain value, depend- 
ing on the degree of saturation. In steam pipes, so long as the steam 
is superheated, no condensation occurs, whereas with saturated steam, 
condensation occurs continuously, due to loss of heat through the 
walls. 

By means of sufficient cooling and simultaneous compression, gases 
can be reduced artificially to vapours or liquids. In the process they pass 
through the superheat region. Conversely, substances which normally 
are in the liquid or vapour state can, by heating or by a reduction in 
pressure, be brought to the gaseous state. 

In this way therefore, according to the properties possessed under 
normal temperatures and pressures, a substance is said to be a gas, 
a superheated vapour, a saturated vapour, or a liquid. 

It is not always possible to effect the change from the solid or liquid 
state of a substance to the vapour or gaseous state without having, at 
the same time, an accompanying chemical change (dissociation). 

Magnitudes which determine the state of gases and vapours and their 
usual technical units. The state of a gas or vapour is determined by its 
specific volume (or specific density), its pressure, and its temperature. 
These will now be considered separately. 

The Volume occupied by unit weight is called the specific volume ” 
(?;), while the weight of unit volume is known as the “ specific density,” 
or simply density (d). 

1 


It follows that 
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Instead of v or d the weight IF of a volume V may be given, in which 
case 

7 

a -y or 

and V = or 

IF 

The ratio of the density of a substance to some other standard sub- 
stance, such as air or water, at the same state is called the specific density 
with respect to that substance (air or w^ater). In place of specific density 
the term specific weight is also used, particularly for liquids and solids, 
with respect to water at 4° C. In textbooks on physics the specific weight 
is generally defined as the ratio of the weight of a body to the weight 
of water occupying the same volume. 

The Pressure (p) exerted by the gas or vapour on unit area of the 
enclosing vessel is sometimes called the ‘‘ specific pressure,” but more 
generally pressure ” or ‘‘ vapour tension.” 

The Temperature is expressed in degrees Centigrade or degrees 
Fahrenheit, and in both cases may be either “ ordinary ” or “ absolute ” 
[t or T). 

For gases and superheated vapours, two of these magnitudes are 
always sufficient to give the third. The relation connecting the three is 
called the characteristic equation ” of the gas or superheated vapour. 

For dry saturated vapours the temperature alone suffices to determine 
the pressure or the volume, each according to a special law. These give, 
therefore, two equations of state, one connecting the pressure and tem- 
perature and the other connecting the temperature and volume. A third 
equation connecting pressure and volume follows from these. 

In the case of wet vapours the proportions of hquid and dry vapour 
affect the specific weight and volume. 

The volume of a liquid depends chiefly on the temperature and but 
slightly on the pressure. 

UxiTS. The British unit of weight employed is the pound, and of the vol- 
ume the cubic foot. Hence the specific weight is the weight of 1 ft.^ in pounds 
(cZ = Ib./ft.^), and the specific volume is the volume of lib. in ft.^ 
{v = ft.^/lb.). Since, in this, the unit surface considered is 1 ft.^, the 
pressure is expressed as pounds on 1 ft.^ (P = Ib./ft.^), and is introduced 
thus in the characteristic equation. 

In practice it is usual to express the pressure in pounds per square 
inch and not per square foot. A pressure of 14-7 Ib./in.^ is called an 
atmosphere, i.e. 14-7 Ib./in.^ = 1 at. = 2116'8 Ib./ft.^ On the Continent 
the pressure is measured in kilograms per square metre or per square 
centimetre and 1 kg./cm.^ = 14-223 Ib./in^, and is called an atmosphere 
there. It should be noted that approximately' 100 Ib./in,^ — 7 kg./cm.^ 

Pressure is frequently measured by the height of a column of liquid 
(water, mercury, alcohol, etc.), in which case the following relations are 
of use — 

1 in. H 2 O = 0-036 lb./in.2 
1 in. Hg = 0-49 lb./in.2 = 13-695 in. HgO. 

30 in. Hg == 1 at. = 14*7 Ib./in.^ 


W ==dV 
V =vW 
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Gauge, vacuum, and absolute pressure. The usual commercial instru- 
ments used for pressure measurements (pressure and vacuum gauges, and 
liquid columns) give the pressure of the gas or vapour above or below 
the existing atmospheric pressure, and therefore measure a pressure 
difference. The true or absolute pressure of the gas is obtained from the 
readings by adding the gauge pressure to the atmospheric pressure in 
the case of pressure gauges, and by subtracting the vacuum reading from 
the air pressure in the case of vacuum gauges. 

The barometer, on the other hand, measures absolute pressures. 
Gauge and absolute pressures can thus be conveniently distinguished as 
“ manometric ” and barometric ” pressures. Absolute pressures must, 
of course, always be used in the characteristic equation. 
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The same absolute or true pressure can show widely different mano- 
metric readings, depending on the barometer reading, which, in turn, 
depends on the weather and height above sea level. 

Example. 1. The reading on a boiler pressure gauge is 75 Ib./in.^ 
Tind the absolute steam pressure ]) if the barometer reading is 28 in. Hg. 

Since 28 in. Hg = 0*491 x 28 = 13*75 Ib./in.^, the absolute pressure 
isp = 75 + 13*75 = 88*75 Ib./in.^ abs. 

2. A vacuum gauge on a steam condenser shows a reading of 21*6 in. 
Hg, while the barometer reading is 28 in. Hg. What is the absolute pres- 
sure in the condenser ? 

The required pressure is 28 - 21*6 = 6*4'' Hg, giving 

'P ~ 0*491 X 6*4 = 3*141b./in.2 abs. (See Fig. 1.) 

3. At what distance below the atmospheric line on an indicator card 
should the absolute zero pressure line be drawn if the spring scale is 
I" = 361b./in.^ and the barometer reading at the same time is 27*5 in. 
Hg. (See Fig. 2.) 

The atmospheric pressure is 27*5 x 0*491 = 13*5 Ib./in.^ abs., hence 
the zero pressure line lies at a distance 

X = 13*5/36 = 0*375 in. below the atmospheric line. 

4. The vacuum gauge of a steam engine shows a higher reading when 
the barometric pressure is increased and other conditions remain the 
same. Account for this. 

The absolute pressure in the condenser, when the conditions (load, 
dryness, water temperature, and density) remain steady, is the same, 
hence the vacuurn, shown by the gauge, increases as the absolute atmo- 
spheric pressure increases (Fig. 1). Measuring from the absolute zero 
pressme line, the atmospheric line will be raised or lowered as the baro- 
metric pressure rises or falls. 
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Vacuum gauges showing absolute pressures are frequently used for 
measuring condenser pressures, and are independent of the barometric 
pressure. 

5. The instrument illustrated in Fig. 3 shows a reading of h in. Hg 
in a steam turbine condenser. Express the vacuum in the condenser as 
a percentage of the barometric pressure. 

JB — h 

% vacuum = X 100 

where B ~ barometric reading in inches Hg; e.g. if h = 1*97 in, and 
B = 29-5 in. 

% vacuum = j 100 = 93-3% 


6 . The water standing in the gauge glass of a boiler is usually colder 
than the water in the boiler, due to external cooling and bad heat 



conduction of the water. This means that the level of the water in the 
glass will be lower than that of the water in the boiler. The difference 
h - shown in Pig. 4, is determined as follows. 

On both water surfaces the pressure of the steam is the same, provided 
the weight of the steam be neglected. Actually the pressure on the water 
surface in the glass is greater, due to the weight of the column of steam 
h ~ Denoting the density of the steam by the density of the water 
in the glass by and the density of the water in the boiler by d, we have 

d^^{'h “ \) + /q = dh 


from which 






d^-~d 

d^-d, 


and therefore depends on the height of the water level h. 

Thus for steam at 150 Ib./in.^ abs., d^ = 0-333, d = 55-4 lb,/ft.^, we have 


Jh /q — 1% 


dj - 55-4 
0-333 
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If now the temperature in the glass is 35° F. less than that in the boiler, 
and is thus 323*5° F. instead of 358*5° F., then — 56*6 Ib./ft.'^ and 

A ~ L = — . If A = 4 in. the water level difference is only 0*085". 

47 

For a water temperature in the glass of 212° F. the equation is 

Ji. h ~ and thus with A = 6 in., A - A^ = 0*45 in. 

^ 13*5 

Recent tests on the possible temperature differences between the glass 
and boiler have shown that at a boiler pressure of 115 Ib./in.^ gauge 
(347-4° F.), for example, the temperature in the gauge glass was only 
155° F.* 

Reduction of barometer readings to 0° C. The density of mercury at 
temperatures above 0° C. is less than the value assumed above. Hence 
when the temperature of a barometer is higher than 0° C. the reading 
has to be corrected by subtracting the following values per 1000 mm. of 
the mercury column — 

0° 5 10 15 20 25 30° C. 

0*00 0*87 1*73 2-59 3*45 4*31 5-17 mm. Hg. 

Below 0° C. corresponding quantities have to be added. 

Thus if the barometer reading at 20° C. is 755 mm., the barometer 
reading at 0° C. is 0*755 X 3-45 = 2*6 mm. less, giving 
755-2*6 = 752*4 mm. Hg. 

Temperature [t) is measured in degrees centigrade or Fahrenheit. 
The fixed points of the centigrade thermometer are given at ^ he melting 
point of ice (0° C.) and the boiling point of water under a pressure of 
760 mm. Hg (100° C.). 1° C. on the mercury thermometer is the hundredth 
part of the distance between these points. 

In Great Britain and America the scale usually employed is the 
Fahrenheit (° F.). This is divided into 180 parts between the ice (32° F.) 
and the boiling (212° F.) points. Its zero is therefore 32° F. below the 
ice point. 

The following relations hold between the two scales — 

° F. = 32 + ^ ° C. ; ° C. = ^ F. - 32) ; 0° F. = - 17-8“ C. 

10 lo 

0° C. = 32° F. 

The same fixed points are used in the hydrogen thermometer scale. 
Nitrogen and carbon dioxide gas thermometers do not show complete 
agreement with the hydrogen gas thermometer. Gas thermometers are 
too unwieldy for use in technical work. 

Mercury thermometer readings deviate slightly from those given by 
the gas thermometer, depending on the type of glass. The deviation is 
greatest between 40° and 60° C., but for the glass usually employed it is 
not more than 0*1° C, and hence is of no great importance in ordinary 
technical measurements. 

The thermodynamic scale was adopted as the standard by the German 
Government in 1924. This is obtained from a gas thermometer, which is 

* Siemens Zeitschr. Bd. 9. No. 10. Sehaack und Lohmann. Wasserstands- 
messung auf hydrostatischer Grundlage.” 
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considered as being filled with an ideal gas. Between 0*^ C. and 450° C. 
this scale is practically the same as that of the hydrogen thermometer. 

In addition to mercury-in-glass thermometers, electrical resistance 
thermometers and thermo-electric pyrometers are used. Bor flue gas 
temperatures the optical pyrometer is employed. 

* On correct temperature measurements, reference should be made to O. Knob- 
lauch und Hencky, Anleitung zu genauen technischen Te^nperaturmessungen. 
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CHAPTER I 

GASES 

Boyle’s Law. This law deals with the changes in pressure and volume of 
gases caused by mechanical compression or expansion at constant tem- 
perature. If a volume Fq of any gas at temperature ig, absolute pressure 
Po, and having specific volume be changed to V, so that at the end of 
the process the temperature is still tg, then the absolute pressure is 
inversely proportional to the volume, 


or = PoK P'^ — Wo- 

The product of the pressure and volume is constant for different states of 
the gas, provided no change occurs in the temperature. 

With respect to the specific densities of the gas, the law states that, 
at constant temperature, the specific densities are proportional to the 
absolute pressures, since 

^ d p_ _d 

V Po~~do 

Example 1. Atmospheric air at 1-6 Ib./in,^ below atmospheric pressure 
and at 20° C. is compressed to 105 Ib./in.^ gauge pressure, without change 
in temperature. Find the volume compression-ratio. The barometer 
reading is 28-4'" Hg. 

The absolute initial pressure is 0-491 X 28-4- 1-5 = 13-93- 1-5 = 
13-43 lb./in.2 abs. 

The absolute final pressure is 13-93 + 105 = 118-93 Ib./in.^ abs. 
Hence the volume ratio is 

V__Po_ 13-43 _ 1 
Fo “ p ” 118-93 ~ 9-56 

or the compression ratio is 9-56. The temperature level has no effect on 
this result. 

Example 2 . Find the density of air at 0° 0. and at a pressure of 
23-6" Hg, if its density at 0° C. and 30" Hg is 0-0808 Ib./ft.® 

00. ft 

Density at 23-6" Hg = X 0-0808 = 0-0635 Ib./ft.® 
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Example 3. A mass of air at 15 Ih./inr gauge pressure expands at 
constant tempei*ature to three times its original volume. Find the final 
pressure. Barometer reading 21*6" Hg, 

Absolute initial pressure = 0491 X 21*6 + 15 == 1^’^ -j- 15 = 25-6 
Ib./in.^ abs. 

Hence the absolute final pressure is 

p = ~ 8-53 Ib./in.^ abs. 

o 

i.e. 10*6 - 8*53 = 2*07 Ib./in.^ below atmospheric pressure. 

Gay-Lussac’s Law. This law deals with the change in volume of gases 
when heated or cooled at constant pressure. If a mass of gas at any 
constant pressure be heated, its volume increases, for each degree centi- 
grade rise in temperature, by volume occupied by the 

gas at 0° C. and at the same pressure. This law is valid for all gases, but 
only rigidly for the ideal gas state, from which the actual gases deviate 
more or less, the deviation depending on the pressure and temperature. The 

value of the expansion coefficient of an ideal gas is 273 q q ~ 0*0036618. 

First Form of the Law. If Vq is the volume at 0 ° C. the volume v 
at C. is 

«x = ®o + ^^o4 = ^o(l+~) 


For another temperature ^2 > h fl^® volume would be 


^0 + ^0 273 


Subtraction gives 



(which is the absolute increase in volume in heating from to ^ 2 )- 

Second Form. The ratio of the volumes to gives the proportional 
volume change as 




1 + 


^2 

273 


1 + — 

^ 273 


or 


'^2 273 -f- ^2 

273 


In this equation t-^ and are in degrees centigrade, hence the numbers 
273, which appear in the numerator and denominator and which are 
added to and must also represent degrees centigrade. 

If the zero of the centigrade scale is chosen 273 degrees below the 
normal zero mark, a new scale {T) is obtained in which the same tem- 
perature is expressed by adding 273. 

Therefore, T^ == 273 + q 

= 273 + U 
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This new scale is called the absolute temperature scale and 7\, are 

called absolute temperatures. 

We now have ^ 

% Ti 

that is, during a constant pressure change the volumes of a given mass 
of gas are proportional to the absolute temperatures. 

The term “absolute temperature” appears at first sight to be arbitrary. 
For calculations involving the use of Gay-Lussac’s Law, however, this 
quantity is of the same significance as the absolute pressure when used 
in Boyle’s Law. It is rather remarkable that the number 273 should 
apply to such widely different substances as H 2 , Ng, O 2 , and CO as well 



as gas mixtures such as air. The fundamental basis of the conception of 
absolute temperature is explained on page 164. 

Gay-Lussac’s Law cannot hold good down to temperatures near 
absolute zero, since at Tg = 0 (i = - 273) the volume is = 0, as shown 
by this law. It is inconceivable that any substance can have a zero 
volume. 

The law can also be expressed in terms of the densities; thus, for 
different temperatures but the same pressure, the densities of a given 
gas vary inversely as the absolute temperatures. 


Since 


we have 



Y = w ~ constant). 
^2-^1 


If the temperatures (t or T) are plotted to a base of volumes (Fig. 5), 
Gay-Lussac’s Law will be represented by a straight line I-II passing through 
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the origin. For any other pressure the straight line has a different slope, 
but again passes through the origin. The slope increases as the pressure 
increases, since the volume occupied by the gas at increased pressures 
decreases when the temperature is the same. The law in its entirety is 
represented by an infinite number of straight lines, all radiating from 
the origin. Fig. 5 represents one of the simplest forms of state diagrams 
for gases, each point in the field corresponding to a definite gas state. 

Example 4. Find the reduction in volume of a mass of gas when it 
is cooled from 20° C. to - 20° C., the pressure remaining constant. 

^+20 273 + 20 295 __ M6 _ 1 

u. 20 ” 273 - 20 "" 253 1 " 0-862 


Hence the volume is 13-8% less or the density 16% greater when 
the gas is cooled from 20° C. to - 20° C. 

Example 5. If the flue gases from a furnace are cooled from 1200° C. 
to 250° C., find the reduction in volume. 


Here 


^0 _ 273 + 1200 ^ 1473 ^ 
^250 273 + 250 523 


The final volume is 65-5% less than the initial. This gives a measure 
of the permissible reduction in area of the flues towards the chimney. 

Example 6. Find the proportional increase in weight of air, contained 
in a vessel, when the air temperature is reduced from 50° C. to 10° C. 

The densities at 10° and 50° are in the ratio 


273 + 50 
■■ 273 + 10 


M4 


which is therefore the proportional increase by weight. The percentage 
increase is 14%. 

Combined Boyle-Gay-Lussac Law.* The density of a gas is, from 
Boyle’s Law, directly proportional to the pressure, and, from Gay-Lussac’s 
Law, inversely proportional to the absolute temperature. Hence if d-^ 
is the density at C. and Ib./in.^ abs., then, from Boyle’s Law, the 

density at ^i° C. and ^Ib./in.^ abs. is d-^—. From Gay-Lussac’s Law it 

is greater than d^ ~ when the temperature is changed to f G. (keeping p 

constant), in the ratio 

U + 273 T, 

-± or — = 

t + 273 T 

hence d = t 


This result is valid, since Boyle’s Law holds good at any temperature 
and Gay-Lussac’s Law holds good at any pressure. See page 317 for 
deviations from these laws. 

d = - and == — 

% 

* Termed Boyle Charles Law by English writers. 


Since 
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we have also 


and since 


PiT 

Ti 

^-landt; 


v=v. 


'h'L 

p 


Example 7. The density of dry air at 0° C. and 30" Hg is 0-0808 
lb./ft.8. Find the value at 20° C. and 28" Hg. 


Here 


d = 


0-0808 X 28 (273 + 0) 
30(273 + 20) 


= 0-0702 lb./ft.3 


Example 8. 32 of air are contained in a vessel in which the 
vacuum gauge reading is 23^^^ Hg (bar. = 29^'" Hg). The temperature of 
the air is 17° C. Find the weight of air in the vesseh 


Density is 


0-0808(29-23) 273 
30 X 290 


0-01523 lb./ft.3 


Hence, weight of air = W — dV ~ 0-01523 x 32 = 0*487 lb. 


Example 9. A gas engine uses 19-4 ft.^ of town gas per h.p. hour. 
Pressure of gas 27-5'' Hg and temperature 20° C. Find the corresponding 
volume of this amount of gas when reduced to 0° C. and 30"' Hg. (S.T.P, 
conditions.) 

Volume of gas at 0° C. and 30"' Hg is given by 


Fo = 




T, 


Po T 


19-4 X 27-5 273 

30 ^ 293 


16-58 ft.3 


The change in volume and density of gases is of very great importance 
in airship navigation, both for balloons and dirigibles. The volume of gas 
in the balloon must correspond to the free air volume so that the gas 
pressure in the balloon is always equal to, or slightly greater than, that 
of the surrounding air. This air pressure varies with the altitude, the 
temperature, and state of the weather. The balloon structure is not 
capable of withstanding any considerable difference in pressure. 

Any cause which produces a rise in the inner pressure of the balloon 
above the outer means, therefore, a reduction in the quantity of gas 
carried. Causes which effect this rise are: reduction of the outer air 
pressure as the balloon rises, heating of the contents of the balloon by 
radiation, and heating by its passage through warmer zones. 

The reverse effect is produced when the pressure inside tends to become 
less than that outside, such as occurs when the altitude of the balloon is 
decreased or when the gas in the balloon is cooled. If no gas is supplied 
in these changes the balloon tends to collapse, due to the reduced internal 
volume. 

Example 10. How many cubic feet of gas must escape from a stretched 
balloon containing 35,320 ft.^ if the outer air pressure falls from 27*5" Hg 
to 19-7" Hg and the temperature rises from 10° C. to 20° C. 
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The volume of gas in the final state would be 


i.e. 


35320 X 27*5 X 293 
19*7 X 283 


51,000 ftx 


Since the capacity of the balloon is only 35,320 ft.^ the volume of gas 
(at the end conditions) which escapes is 51,000 — 35,320 = 15,680 ft.^ 
Taking the initial conditions the volume lost is 


Characteristic equation o£ gases. The relation between the pressure, 
volume, and temperature shown on page 5, 

P 

Pi 

can be written in the form 
pv _ 

T “ T^ 

pv 

The value of ~ is therefore constant, for the same gas, whatever the 
values of p, v, and T, If this value be denoted by i?, then 

pv T, 

~ R = constant 

or pv = RT {p in Ib./ft.^ and v in ft.^) 

This is called the “ characteristic equation ” of the gas. It establishes 
the general relation between the three quantities p, v, and T which 
determine the state of the gas. This equation is always valid no matter 
what the pressure, volume, or temperature may be. It will be recognized 
that if two of these quantities are known the third can be determined. 
The value of the constant R depends on the particular gas dealt with. 

pv p 

It is given by i? = ^ = — and can be calculated if the density (do) 

at any pressure (po) a.nd any temperature {Tq = 273 + is known. 
If, for example, = 0° C. and Pq = 14*7 x 144 Ib./ft.^ abs., then 

„ 144 x 14*7 7-75 


For dry ak at 0° C. and SO" Hg, dQ = 0-0808 Ib./ft.^ 


hence 


7-75 

0-0808 


95-8 


ft.-lb. 

lb. 


Hence if the gas constant is known, the density can be found for any 
state. See page 92 for the mechanical significance of the gas constants, 
and page 12 for a tabulated list of constants for different gases, as well 
as further discussions on the value of i?* 
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It is important to note that in the characteristic equation, and in all 
relations deduced from it later, the pressure ;p must be expressed as an 
absolute pressure (in Ib./ft.^). Only in cases involving a pressure ratio 
can other units, such as Ib./in.^ abs. and mercury column readings, be 
used without conversion. 

The characteristic equation in the form given above holds for 1 lb. 
of gas, since it contains the volume of 1 lb. If v is replaced by any 

V 

volume V weighing IF lb., then, since v~ 

we have pF == WRT 

In this general form, the equation holds for any weight. It is, however, 
not correct to say that the condition of a gas is given when two of the 



Fig. 6 


three magnitudes — pressure, volume, and temperature — are known; in 
place of volume, the term “ specific volume ” should be used. If the pres- 
sure, temperature, and gas constant are known, the specific volume is, of 
course, found from pv = RT. If, on the other hand, only the pressure 
and total volume F are given, for example, by the indicator diagram of 
an internal combustion engine, then neither the temperature nor the 
specific volume can be determined. Only the product WET is known, or, 
if jR is known, the product WT, Hence, to find T and v ov d the weight 
of the working gases has to be found. The determination of this weight 
is laborious and not usually obtained by any simple direct method. 

If, however, the temperature at any point on the diagram is known 
approximately, the temperatures at aU other points can be found from^ 


provided no change occurs in the weight of the gas and in the value of 
the gas constant R. The percentage error in T is the same as that in the 
assumed value 2\. 
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This method has been adopted in plotting the temperature^ changes 
on the indicator diagram of a gas engine (shown in Fig. 6) during com- 
pression, explosion, and expansion. The temperature at the beginning of 
compression is assumed to be 90° C. Since, in the expression for T given 
above, only ratios of pressure and volume are required, any scales may 
bs used for these quantities. The gas constant is assumed to suffer no 
change during the complete process (in order to simplify the calculations) 
and hence its value is not required. 

Actually the gas constant R^ during expansion is smaller than the 
constant during compression. 

For compression we have — WR(T^ 
and for expansion pF = WBJT 

hence T = 


giving a slightly higher value for T than that given by assuming R^~R^ 
since R^ < Be 2^)* 

GrrapMcal representation of temperature changes. If the ordinate at 
A he chosen to represent the initial temperature T^ on the given pv 



Fig. 7 


curve, the temperature at any other point B 
on this curve can be conveniently found (as 
shown in Fig. 7) by drawing an horizontal 
through B to cut the vertical AE in F. By 
projecting the radial line OF to cut the vertical 
DB the point C is obtained, and DC gives the 
required temperature. 

Peoof. , hence CD — and 

FE 

smee ' we also have CD = 


therefore 


CD 

Tl 


'il ^ 

r, AE ~ Tj 


Analyses of gas mixtures by weight and by volume. The proportions 
in which the constituents of a gas mixture exist can be given by weight 
or by volume. While the former requires no explanation, the latter 
should be regarded as follows. The individual gases are considered as 
being separated and reduced to equal pressures and temperatures. The 
ratio V of the volume occupied by any single gas to the sum of all the 
individual volumes then gives the proportional volume occupied by this gas. 

The proportions by weight . can be calculated from the 

proportions by volume Vg, % . . . (and vice versa), if the densities or 
the molecular weights of all the constituents are known. 

Thus the total weight of unit volume, i.e. the density of the mixture, is 

+ d^v^ + d^v^ (I) 

hence the proportional weights of the individual gases are 

= — 4#1 — 4 4 /o\ 
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or, if the values <^2 • • • replaced by the proport|OBaJly equal 
molecular weights . . . (page 11), ■ T' 

= ; — ; , ^ — ; . (3) 

Mean or apparent molecular weight. From equation (1) it follows 
immediately if dy . . . and d are replaced by the proportionally 

equal molecular weights m^, mg, mg * . . that the mean or apparent mole- 
cular weight of the mixture is 

m = + (4) 

The density (page 11) is then given by 


(at 0° C. and 14*7 Ib./in.^ abs.) 


General relations for all gases. When two substances combine chemi- 
cally the reaction always occurs according to the law of fixed weight 
proportions discovered by Dalton. If different elements be denoted hj 
A, B, G, D , , and the invariable proportions by w^eight with which 
they unite be denoted by a, b, c, d . , Dalton’s Law states that when 
A and B combine to form a new substance, a parts by weight of ^4 unite 
with b parts by weight of B to form a + 6 parts by weight of the new^ 
substance. This always occurs, even if the substances are mixed in other 
proportions by weight before uniting. In this case a proportion of the 
substance which is in excess of that demanded by the ratio ajb remains 
unchanged (e.g. combustion with excess air). In splitting up a substance 
composed of A and B, the separated products always have the ratio ajb, 
whether the whole or only part of the mass be split up. 

It follows also from Dalton’s Law that if chemical combination occurs 
between A and C or D, then a parts by weight of A unite with c parts 
by weight of C or d parts by weight of D. New substances are thus 

obtained in which A is contained in the ratios ~ . Further, if B 

bed 

unites with G, the new substance contains the original substances in the 
proportion 6/c. If, for any arbitrarily chosen substance, the fundamental 
number a be adopted, a series of different numbers of combining weights 
a, 6, c, d, etc. (equivalent weights), are obtained for the elements, from 
which two or more can combine to form new substances. It has also 
been found that whole multiples of a, 6, c, d , . . can combine, i.e. ma, 
nb, . . , parts by weight of . where m and n = I, 2, 3, or other 

whole number. (Law of constant and multiple proportions.) 

The fundamental comparative number now chosen is a = 16 for 
oxygen, and is called the atomic weight of oxygen. Every other element 
has its own definite constant atomic weight (6, c, d, . . ., etc.). 

If, along with the usual chemical notation for a compound substance, 
the atomic weights are also considered, the proportions by weight are 
immediately determined. Thus, for carbon monoxide, 

since CO = C + 0 

it follows that, since the atomic weight of C is 12 and of 0 16, there are 
12 parts by weight of carbon and 16 parts by weight of oxygen in 28 
parts by weight of carbon monoxide. 
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In carbon dioxide according to 

C +20 =C02 

or 12 + 2 X 16 = 44 

i.e. 44 parts by weight of carbon dioxide are made up of 12 parts of 
carbon and 32 parts of oxygen. Hence, in burning 1 lb. of carbon, {-|- 
= 2-667 lb. of oxygen are necessary, and the weight of COg formed is 

= 3-667 lb. 

While the smallest parts of the elements are called atoms, the smallest 
parts of compounds of the elements are called molecules. The molecular 
weight of a compound is that given by the sum of the atomic weights 
contained in the compound. From this it follows that the molecular 
weight of CO is 12 + 16 = 28, of COg 12 + 2 x 16 = 44, and of water 
HgO, 2 X 1-008 + 16 = 18-016. 

Double atoms, such as those of hydrogen in water or oxygen in carbon 
dioxide, are found also in the case of certain elements in their free gaseous 
state, and are then called molecules. Examples of these are the diatomic 
gases hydrogen, oxygen, and nitrogen and, as such, are symbolized by 
Hg, O2, and IsTg. On the other hand, argon, helium, and mercury are 
examples of monatomics, even when in the gaseous state. 

Hence, in the combustion of solid carbon with gaseous oxygen, it is 
preferable to write the reaction equation as 

C + O2 == CO2 
or in the formation of carbon monoxide 

20 + O2 = 2CO. 

In the first example one atom of carbon unites with one molecule of oxy- 
gen, i.e. O25 to form one molecule of COg. In the second case two atoms 
of carbon unite with one molecule of oxygen to form two molecules of CO. 

For the proportions by weight, it is, of course, immaterial whether the 
first or second method be adopted, but, as shown by the following, the 
second method must be adopted when considering the proportions by 
volume. 

A second fundamental law, discovered by Gay-Lussac, deals with the 
proportions by volume when two or more gases unite to form a new 
substance. Gay-Lussac found that gases unite in the simplest proportions 
by volume. In every reaction either equal volumes or whole multiples of 
these volumes unite, and the volume of the new gas formed can be 
equal to, or a whole multiple of, one of the original gas volumes. Thus, 
2 volumes of hydrogen and 1 volume of oxygen always unite to form 
2 volumes of steam, all three substances being considered at the same 
pressure and temperature. 

The reaction equation 

2(H,) + (O 2 ) - 2(H,0) 

therefore iadicates the proportions by volume if the bracketed letters 
represent eq[ual volumes of the substances. The equation has exactly the 
same construction as the second form given above, and this rule, accord- 
ing to which the weight equation can also be regarded as showing volu- 
metric proportions,^ is universally applicable to gaseous substances. If, 
therefore, the reaction equation for the weight proportions is so written 
that it shows the number of molecules of the individual gases, then it 
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also serves to give the volume proportions. Thus, when carbon monoxide 
burns with oxygen to form carbon dioxide, then, from the equation 

2CO + 02 = 2 CO 2 

we can say that 2 units by volume of carbon monoxide burn with 1 unit 
by volume of oxygen to form a volume of carbon dioxide equal to the 
original volume of carbon monoxide. In this reaction, therefore, there is 
a reduction from 3 units to 2 units by volume. 

By combining Dalton’s and Gay-Lussac’s Laws along with the atomic 
and molecular hypotheses, Avogadro’s principle is established. 

According to this the number of molecules found in equal volumes of 
different gases, at the same temperature and pressure, is the same. The 
densities d of gases are therefore proportional to their molecular weights. 

For any two gases 1 and 2 


df) 

and since cJ ^ ^ and dg — ~ 

it follows that == 

and tJg are the volumes occupied by 1 lb., and hence and can 
be regarded as the volumes occupied by m-^ and mg lb. respectively of 
these gases. If m is the molecular weight in general of any gas, then a 
weight of m lb. of this gas is called the “ pound molecule ” (or '' mol.”). 
Hence m^ ^2 ^^25 • • • volumes of 1 mol., and these are equal 

for all gases at the same temperature and pressure. 

We can now state that different gases whose weights are in proportion 
to their molecular weights occupy equal volumes. Thus 32 lb. of oxygen 
occupy the same volume as 28*08 lb, of Ng or 28 lb. of CO or 44 lb, of CO 2 
provided they are at the same temperature and pressure. This volume is 
determined from the weight of 1 ft.^ of oxygen at 0'^ C. and 14*7 Ib./in.^ abs. 
With = 0*0891842 Ib./ft.^ the volume of 1 lb. of Og is 


0*0891842 


The molecular weight of oxygen is m == 32, and hence 1 mol. of 
oxygen = 32 lb, and at 0° C. and 14*7 Ib./in.^ abs, this occupies a volume 

32 

0*0891842 


of 


359 ft.^ 


The volume of 1 mol, of any other gas has the same value, 
The densities of all gases can thus be determined from 


m 


m 


(6) 


at 0° C. and 14*7 Ib./in.^ abs. If, on the other hand, the density of a gas 
is known, its molecular weight can be found. This is of special use in the 
case of gas mixtures, since m = 359d and, when the analysis by volume 
is known, m = 359 (v^d^ + v^d^ + ..,). 
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The following table gives the molecular weights and densities of the 
more important technical gases — 


Gas 

Symbol 

Mol. Weight 

1)1 

Density Ib./ft.^ 
at 0° C. and 
14*7 lb. /in . 2 abs. 
d 

Gas 

Constant 

R 

Oxygen . 

0, 

32 

0*0891 

86-9 

Hydrogen 

H, 

2*016(2) 

0*00562 

1380 

Nitrogen 

No 

28*08 

0*0783 

98*9 

Carbon monoxide 

CO 

28 

0*0781 

99*3 

Carbon dioxide 

CO 2 

44 

0*1226 

63*2 

Steam 

HoO 

18*016 

— 

154*2 

Methane 

CH 4 

16*03 

0*0447 

173*5 

Air . ‘ . 

— 

29(28*95) 

0*0808 

96*0 

Town gas 

— 

11*5 

0*0322 

242*0 

Generator gas . 

— 

22*4-26*9 

0*0624-0-0749 

103-124 


For a given weight IF of a gas the characteristic equation is (from 
page 7) 

>pV = WRT 

If PF = m (weight of 1 mol.) then for ^ 0° C. or T = 273° C. abs. 

and p = 144 x 14-7 Ib./ft.^ abs. the volume is F = 359 ft.^ 

Hence the equation becomes 

144 X 14-7 X 359 = mR X 273 

giving mR = 21S0 = B 


Hence the gas constant of any gas having a molecular weight m or of 
a gas mixture having an apparent molecular weight m (page 9) can be 
found from 


R^ 


2780 

m 


( 7 ) 


The specific density of a gas with respect to air at the same pressure 
and temperature is 

d 


and since 


and 
R^ 96 


P 


(B) 


This specific density (with respect to air) is thus independent of the 
temperature and pressure and is a constant for any given gas. From the 
relation between R and the molecular weight we also have 

_ ^95 

which is also given directly by Avogadro’s principle. 
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Thus the specific density of steam is 


0 


96 

154-2 


= 0-622 or 


18-016 

28-95 


0-622 


In this way the specific density of a substance having the same 
molecular weight in the gaseous as in the solid, liquid, or other state, is 
found. Conversely, the molecular weight in the gaseous state can be 
found when the specific density is known from an experimental deter- 
mination. 

Denoting the volume of 1 mol. at a pressure p Ib./ft.^ abs. and absolute 
temperature T hj v gives 

pv = mBT 

or pv = 27 SOT 

This equation holds for any gas or mixture of gases when the weight 
is m lb. For a weight of N mols. it becomes 

pJSfv = NmRT 

or pV — NET with V in ft.^ andjp in Ib./ft.^ abs. 

In heat engine calculations this form of the characteristic equation is 
not much used, but it is preferable in physical- chemical calculations. The 
number 2780 is called the universal gas constant, since it is valid for all 
gases (see page 93). 

Equation for gas mixtures. (Dalton’s Law.) The laws of Boyle and 
Gay-Lussac hold for mixtures of gases just as for single gases. Hence the 
characteristic equation of a gas mixture has the form 

pv = ET (9) 

The method of finding the gas constant for a mixture having a definite 
analysis (e.g. atmospheric air or a mixture of air and fuel gas or a flue 
gas mixture) from the gas constants of the constituents will now be 
considered. 

For this, two additional fundamental principles are required — 

1 . In a mixture of gases each gas obeys its own characteristic equation 
as if the other constituents were absent. 

2. The pressure p of the mixture is to be regarded as equal to the 
sum of the pressures (p^, pg? Ts • • •) of constituents, so that 

P = + Pi +P3+ (10) 

Pi, p^, Ts - • • called the partial pressures. They are those pressures 
which would be exerted by the constituents if they could be separated 
from one another, while keeping the volume and temperature constant 
(e.g. by chemical absorption). In air, for example, the oxygen and nitro- 
gen have different pressures, each being smaller than the atmospheric 
pressure. On the other hand, all the constituents of a mixture occup}^ 
the same volume (i.e. the whole volume) and are at the same temperature. 
The specific volumes of the constituents are thus different. 

If now the weights of the constituents in a mixture of gases weighing 
Fib. are Fi, W^lh., so that 

W=Wi + W^ + W,.. 
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then for the individual gases (from the first princix3le given above) 

TiV = W^RYT 
= W.^R^T 

Summation gives 

{Ti + = (PFii^i + W^R, + WA)T 

and since Pi -Y P' 2 . "Y Pz = P 

pV ^{W^Ri+W,R^+WA)T . . . (11) 

But, for the mixture as a whole, the general characteristic equation 
pV = WR,,T 

with the still unknown mixture constant is valid. 

By equating the two expressions it follows that 

WR,, = W^R^ + W^R^ + W,R^ 

nr _W^R^ W,R, W,R, 

or R,n - + -pir + * • • (1^) 

Hence if the individual gas constants are multiplied by the corresponding 
proportional weights and are then added together, the result gives the 
constant for the mixture, i,e. if 

Wi 

IT = ir = ^2 . • . etc. 

we have = w^Ri + W 2 R 2 , + ^3-^3 + • . . . . * (13) 

From page 12, however, the value of can also be found from the 
known analysis by volume or weight of the gas without using the indi- 
vidual gas constants. In this form 

^ 2780 2780 

R = = ; ; . . . (14) 

m 4- 

The density of the gas mixture, expressed in terms of the densities of 
the constituents, is found from 




giving 


^2 

/7 ^ 


In this, all the densities must be reduced to the same pressure and 
temperature, e.g. 0° C. and 14*7 Ib./in.^ abs. From page 11, however, the 
value is also given by 

^ 359 359 • * 

for which a knowledge of the densities of the constituents is not required. 
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Pi 


etc. 


Partial pressure values. From the characteristic equations 

W^R^T 

. P2= f 

from which the partial pressures can be found. They can, however, be 
expressed as fractions of the total pressure, which is given by 


Hence, by division, 


or 



WR^T 

■J) = 

V 

^ - 



R 

w 

Rm 



Ri 

Vi = 

Wj 




jRo 






R3 

Ps = 


rJ 


(17) 


where . are the proportions by weight of the separate gases. 

Hence the constituents of a gas mixture exert pressures which vary as 
their fractional weights and as their gas constants. 

The corresponding expressions for the partial pressures in terms of the 
analysis by volume are simpler than those just found. If the constituents 
are considered as being brought to the total pressure {p) of the mixture, 
then, for the first gas, 

pV, = W,R,T 

and, for the same gas in the mixture, 

= W^R^T . 

hence pF^ = p^V 

2^1 = ( 18 ) 


or 


Similarly 




P 2 ^P ^ and Ps = etc. 


etc., are thus the 


The proportional partial pressures Pijp, p^lp 
same as the corresponding proportional volumes. 

Example 11. By weight, air consists of 23-2 parts of oxygen and 
76*8 parts of nitrogen in 100 parts. Express the pressures exerted by 
oxygen and nitrogen in mm. of Hg when the air pressure is 760 mm. 

2780 2780 

From equation (7) Fq, = = 86-9 and = 23 :^= 98-9 

and hence the gas constant for air is 

R^ = 0-232 X 86-9 + 0-768 X 98-9 

= 20-0 + 76-0 = 96-0 

, 0-232 X 86-9 

hence = gg jp = O-2I39 

0-768 X 98-9 
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Hence in the example the pressure of the oxygen is 0-21 x 760 = 159-8 
mm. Hg, and of the nitrogen 0-79 X 760 = 600-2 mm. Hg, and the volu- 
metric analysis of the air is Fq^ = 0-21 = 0-79. 

Example 12. Find the partial pressures and the gas constant for a 
mixture of 1-3 ft.» of air and 1 ft.® of generator gas if the latter has a 
density of 0-0749 Ib./ft.® at 0° C. and 14-7 Ib./in.® abs. (giving a gas 
constant, Rg = 103-3). 

For the generator gas the partial pressure expressed as a fraction of 

1 1*3 

the total pressure is — = 0-4355 and for the air ^ = 0*565. 

The mean molecular weight of the generator gas is 
mi -= 359di = 359 X 0-0749 
and of the air 359 X 0-0808 

hence, for the mixture, 

m = 359 X 0-0749 X 0-435 + 359 X 0-0808 X 0-565 
= 11-7 + 16*4 = 28-1 (see page 11) 

The gas constant is therefore 


Example 13. Find the partial pressure in mm. of Hg exerted by 
water vapour in moist air at 760 mm. Hg pressure when the amount of 
vapour per lb. is 0-005 lb. (assuming that the air temperature is not less 
than 6° C.). Gas constant for superheated water vapour = 154-2. 

The vapour pressure, by equation (17), is 


, 0-005 154-2 

p' = X p = 0-008p 


or, in mm, Hg 0*008 X 760 = 6-08 

(Strictly speaking, in place of 96, the slightly larger constant for 
moist air should be taken.) 

Moist Air. Atmospheric air always contains a certain amount of 
water vapour, which is unsaturated (superheated) when the atmosphere is 
clear. It is allowable and customary to regard this vapour, which exerts 
a very small pressure, as a gaseous addition, provided it does not become 
saturated or wet, in which case mist or clouds are formed. 

The border state of saturation — ^in which not only the vapour but also 
the air is said to be saturated (with vapour) — must occur, in accordance 
with the properties of water vapour, as soon as 1 ft.^ of the air contains 
as much vapour by weight (dglb./ft.^ from steam tables) as corresponds 
either to the temperature of the air or of the vapour, since these are the 
same. In this state the vapour exerts the greatest pressure possible at 
the existing temperature. The existence of more vapour in the air could 
only be imagined if the vapour pressure rose above this value. Saturated 
air, or any other gas saturated with water vapour, contains, therefore, a 
definite weight of vapour in 1 ft.®, this weight depending only on the 
temperature and not on the pressure of the air, and is identical with the 
weight of 1 ft.® of saturated vapour at the temperature of the air. 

If the water vapour in the air is wet, its weight per ft.® is greater than 
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ds and the air is said to be over saturated. In this state the moisture 
becomes visible as clouds or mist. 

If, however, the air contains less vapour than Ib./ft.^ the vapour is 
unsaturated. The weight of water vapour contained in 1 ft.^ of moist air 
is called the absolute humidity. 

From Dalton’s Law the pressure of the moist air is given by the sum 
of the vapour pressure p' and the pressure of the pure air. The partial 
pressure of the latter is difficult to determine directly, but that of the 
vapour is easily found. If the air is just saturated or over saturated, then 
it is only necessary to determine the air temperature t in older to find, 
from steam tables, the vapour pressure corresponding to this. In un- 
saturated air the vapour pressure under all circumstances is smaller than 
this value, which forms an upper limit. 

From tables for water vapour the following values of the maximum 
possible vapour pressure and moisture content are given for air at the 
temperatures shown. 

-20 0 20 30 40 °C. 

Ps 0-96 4*6 17-5 31*8 55 mm. Hg 

ds 0-0000624 0-000294 0-00106 0-00188 0-0032 Ib./ft.^ 

The August hygrometer is generally used to determine the vapour 
pressure and its design is based on the phenomenon that the evaporation 
of water in free air is more intense the less saturated the air is. In com- 
pletely saturated air, i.e. when mist is present, the evaporation ceases. 
Heat is required for this evaporation and is supplied by the atmosphere 
and evaporating water, so that a drop in temperature occurs. The hygro- 
meter consists of two similar thermometers placed side by side. A wet 
covering of wide-meshed material is placed round the mercury bulb of 
one thermometer while the other remains uncovered. It is found that 
the wet thermometer shows a lower reading than the dry. From this 
hygrometric difference the degree of saturation and the vapour pressure 
are determined, using tables supplied with the instrument.* 

The vapour pressure p' (mm. Hg) can be found from the approxi- 

B 

mate equation p' = Ps - 

/ oo 

in which Ps is the saturation pressure (mm. Hg) for the temperature 
reading of the wet thermometer, B is the barometer reading (mm. Hg) 
and is the temperature difference in degrees Centigrade. 

The ratio of the weight d' of vapour contained in 1 ft.^ of unsaturated 
air to the weight d^oi 1 ft.^ of saturated vapour at the same temperature 
is called the relative humidity or 

^ = 1 

If the vapour pressure p' and the air temperature t are determined, 
the value of readily follows. 

* A complete theory of the instrument is contained in a book by Weiss called 
Kondensation. See also page 469 and Z. V.d.I, (1929), page 1012, K. MoUier, “ Das IX 
— Diagramm fxir Dampfl^tgemische.” On the measurement of humidity see the 
detailed works of Bongards (Berlin, 1926). 

3— (5714) 
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The characteristic eq^uatioa holds for the nnsaturated state of the 
vapour 

p'v' = B^(2n + t) 

and in the saturated state at the same temperature 

i?„(273 + t) 

hence pV = Ps'^s 

where v' and are the volumes of 1 lb. of vapour in the unsaturated and 
saturated states. 

But v' and Vs = ~r 

d' " d, 

hence T = ~ 

d, V, ^ 


It is only necessary therefore, when p' is known, to find p ^ corresponding 
to t from steam tables in order to determine the relative humidity. 

The weight d' of vapour in 1 ft. ^ is given by 


d' = <^d. 


2h 


d^ 


( 21 ) 


in which is taken from the tables. 

The pressure of the air alone contained in the same space is p -p' 
and hence its weight is 

where p - p' is in mm. of Hg. 

From this it follows finally that the weight of 1 ft.^ of moist air 
(density) is 

d = d’ + = + 0.0808 X ~ . (22) 


T 


or 


d = <f>d, + 0-029 ^ ^ 


T 


(23) 


This gives the gas constant for moist air as 




P 


d(273 + t) 

with p in Ib./ft.^ 

R is obtained more simply as follows. By volume the moist air 


consists of ^ parts of water vapour and 1 - ^ parts of dry air. Hence 
its mean molecular weight is 




p 




r 1 
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Hence moist air is always lighter than dry air at the same pressure and 
temperature. 

From m the gas constant is given by 


28-95 - 10-93 ^ 

V 

and the density (at 0° C. and 14*7 lb./in.‘^ abs.) by 

Wj 'd' 

— = 0-0808-0-0304:^ . . . . 

369 p 

and for t° C. and B inches mercury, 

,7 _ ^ 273 B 

® 273 + i ^ 30 

The weight of vapour in 1 lb. of moist air is, from equation (17), 
p' R 


(27) 


(28) 


P 

Hence, from equation (26), and with B' 


2780 

18-02 


18-02 

28-95 - 10-93 


7 -' - 

2!_ P 

V 


or 


0-622 j/ 

1 - 0-378 ^ 


(29) 


P 
p' 

For small values of — this is, approximately, 


w == 0-622 


P 


(30) 


The ratio of the weights of vapour and air in moist air is given by 
the ratio of the two terms on the right of equation (24), 

0-622 p' 




)P 


mjp - p') 


P~P 


The dew point is that temperature to which the unsaturated air must 
be cooled in order to make it saturated, and is found from steam tables 
by reading the temperature corresponding to the measured vapour 
pressure p' . 

Example 14. The vapour pressure found by means of a wet and dry 
bulb hygrometer was 0-374''' Hg, while the air temperature was 15° C. 
and the barometer reading 29-8" Hg. Find the relative humidity, the 
weight of vapour per ft.^ of air, and the dew point temperature. 

The vapour pressure at 15° C. is found from steam tables to be 0-503" 
Hg, so that the relative humidity is 


, 0-374 

^ 0-503 


0-746 
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From steam tables, = 0-0008 Ib./ft.s, hence the air contains 0-746 
X 0-0008 = 0-000597 Ib./ft.* of vapour (absolute vapour content). 

The weight of pure air in 1 ft.® is 


J 


0-0808 (29-8-0-374)^^ 273 

30 ‘ ^ 273 -f 15 


0-0808 X 29-426 X 273 
30 X 288 


0-0752 lb. 


The density of the moist air is 

d = 0-0752 + 0-000597 
= 0-075797 lb./ft.3 (at 15° C. and 30'' Hg) 


The gas constant is 


29-8 X 0-491 X 144 
0-075797 X 288 


The saturation temperature corresponding to the pressure of 0-374" Hg 
is 10-5° C, This is the dew point temperature. 

Alternative method for finding R, 


m = 28-95 - 


10-93 X 0-374 
29-8 


28-85 


m 


2780 

28-85 


96-4 


The weight of vapour in 1 lb. of moist air is 


0-622 X 0-374 
29-8 


0-0078 lb. 


The ratio by weight of vapour to air is 
0-622 X 0-374 1 

29-426 127 


FUELS AND FUEL COMPOSITIONS 

The combustible constituents of the technically important fuels are 
carbon and hydrogen, which are usually present as compounds called 
hydrocarbons.” A mixture of these (which may have widely different 
compositions) along with other elements forms the fuel. In gaseous fuels 
smaU quantities of sulphur are found, in addition to carbon monoxide. 
The following non-combustible constituents are also found in fuels: 
oxygen and nitrogen compounds, moisture and mineral constituents (ash). 

The important solid fuels are : wood, peat, hgnite, bituminous coal, 
anthracite, briquettes — ^made from lignite and bituminous coal — charcoal 
and coke ; while the following are the more important liquid fuels : raw 
mineral oil (naphtha) and its distillates — gasoline, petrol, parafiS.n, gas oil, 
and the residuals of distillation, anthracite tar and its distillates in varying 
proportions. The last are distinguished as “ light ” and heavy ” tar 
oils. Benzene belongs to the light oils and in the commercial form is 



AVERAGE COMPOSITIONS OF SOLID AND LIQUID FUELS (Per Cent by Weight) 
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mixed with toluene and xylene in varying proportions. The heavy oils 
form 40 per cent of the tar and the light oils 10 per cent, while the remain- 
ing 50 per cent is pitch. Anthracene oil, creosote oil, solar oil, and gas 
oil are examples of the heavy oils. 

The benzene hydrocarbons are obtained in Germany chiefly from 
coking gases and only to a very limited extent from tar. Solid naphthalene 
is also obtained from tar or coke gases. There are also the bituminous 
coal tar oils of varying quality, such as solar oil, gas oil, and paraffin oil. 
Alcohol can also be used as a fuel. 

In addition to petrol, benzol is now being extensively used, particu- 
larly in road transport. This benzol is cleaned (i.e. unsuitable constituents 
are "removed) and then mixed with tar oils of high hydrogen content. 
Mixtures of benzol and petrol and of benzol and alcohol are also available, 
having their own trade names. 

Gaseous fuels. Illuminating gas is a distilled product obtained by 
heating of coal with air excluded. The composition does not vary greatly 
with the coal used, nor at different instants during distillation. 

MEAK ANALYSIS OE ILLUMINATING GAS 



H 2 

CH4 


CO 

6 

Q 

0 , 

N, 

By volume 

48*5 

35-0 

4-56 

7*18 

1-82 

0-25 

2-70 

By weight 

8*4 

48-7 

10-9 

17-0 

7-6 

0-7 

6-7 

Density . 

0-0322 

lb./ft.3 

at S.T.P. 

Gas constant, It ■ 

= 241 

lb. 

lb. 

“°C 


A rather more complete analysis by volume of two gases is — 



CH 4 

CaH, 

CsHe 

W 

to 

0 

CO 

CO. 


N, 

46-2 

34-02 

2-55 

1-21 

1-33 

8-88 

3-01 

0-65 

2-15 

49-0 

27-0 

3-0 

— 

0-3 

10-0 

3-0 

1-0 

6-7 


Town gas, as now supplied, is a mixture of distilled gases obtained 
from coal, and water gas obtained from coke. It contains about 50 per 
cent of CO and Hg. Town gas thus contains less of the rich gas methane 
than illuminating gas. 

Coke Oven Gas. The composition changes continuously during the 
distillation. Thus the two analyses given here were made after 6 and 
19 hours’ distillation — 



CH 4 

OA 

CO 

CO, 

N, 

35-88 

35-95 

6-47 

7-44 

4-42 

9-84 

43-03 

29-49 

2-76 

8-38 

2-23 

14-11 


The density at S.T.P. after 2 hours was 0*0352, after 19 hours 0*0292, 
and after 34 hours 0*0256. 

Most coke ovens are operated to produce by-products from the coke 
oven gases. The gas, with the by-products removed, can then be used as 
a fuel in a steam boiler or gas engine, and has a somewhat different com- 
position from distilled gas, since benzene, ammonia, and tar have been 
separated out. Greiner gives the following as an average sample of the 
analysis by volume of coke oven gas from which the by-products have 
been removed — 


57 


CH4 

23 


CO 

6 


CO, 

2 


12 


Peodxjceb Gas. This is obtained from coke, coal, anthracite, lignite, 
briquettes, or peat. From the first three fuels the gas is produced by 
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drawing in air and steam under the grate of the generator. The analysis 
varies according to the fuel and amount of water used. 

EXAMPLES OE PKODUCER GAS FROM DIFFERENT FUELS 


Fuel Used 

1 

i 

CH, 

1 

CO 

o 

p 

i 


Coke 

7*0 

2-0 

27-6 

4-8 1 

58-6 

Mean of many analyses 

Bituminous Coal 

11-5 

M 

23-3 

5-7 

58-4 

Mean of 12 analyses 

Anthracite 

11-0 

2-3 

24-83 

2-43 

58-74 

Mean of 5 analyses 

Briquettes 

25-9 

2-1 

17-10 

10-50 

44-3 

Mean of 4 analyses 

Moist peat 

16-75 

3-0 

9-1 

16-0 

53-4 

Mean of 2 analyses 


Blast Furnace Gas. Tests, extending over a continuous period of two 
years, were carried out on a large number of American furnaces and 
showed that the analysis and calorific value of the blast furnace gas 
depended on the percentage coke used. The results are given in, the 
following table — 


Coke Used 

1 75 

100 1 

140% 

H, 

2-7 

2-78 

2-9 

CO 

24 

26-7 

31 

COo 

15 

12-3 

8 

ch; 

0-2 

0-2 

0-2 

N2 

58 

58 

58 

Calorific Value 

46-8 

5L7 

59-2 

C.H.U./ft.3 at S.T.P. 





PRODUCTS OF COMBUSTION AND THEIR VOLUMETRIC 

ANALYSES 

In practically all technical combustion processes, atmospheric air is 
used. At sufficiently high temperatures the oxygen of this air unites 
with the carbon and hydrogen of the fuel to form carbon dioxide and 
steam respectively. Provided complete combustion is effected, the pro- 
ducts of combustion are thus gaseous substances, consisting of carbon 
dioxide, steam, oxygen, and nitrogen in varying proportions, and, in 
their heated state, the laws of gas mixtures can be applied. 

Air required for complete combustion. By weight, the percentage 
proportions of oxygen and nitrogen present in the atmosphere are 23*2 
and 76*8, small traces of other gases being neglected. The corresponding 
percentages by volume are oxygen 21 and nitrogen 79. 

If the weight of oxygen required per pound of fuel is the weight of 
air necessary is , . 

_ ^02 lb. air 

"" 0*232 lb. fuel 

For complete combustion, however, this minimum theoretical weight 
is insufficient. Both in furnaces and in engines 25 to 100 per cent more 
air has to be supplied, so that the actual air is A == nA^ where 
n = 1-25 to 2. 
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Of this air, however, only the oxygen in "t^kes part in the com- 

bustion. The remaining (?^~l)4olb. of air is merely heated with the 
other products and with the nitrogen in J-olb. of air, i.e. 0*768 J-o lb. of 
nitrogen. The excess oxygen in (n-~l)^olb. of excess air weighs 
0*232 (^-1) ^0 lb. If the composition of the original fuel be known 
(solid or liquid), then Jcq^ can be calculated from 
^o,-fC + 8H-0 

where C, H, and 0 represent the proportional parts by weight of 1 lb. 
of the fuel. 

The products of combustion. Flue gases consist of CO2 and HgO as 
well as {n - lb. of air, 0*768.do lb. of nitrogen, and any incombustible 
gases in the original fuel, such as COg, Og, and JSTg, which may be denoted 
by 

The weight of flue gas per pound of fuel is (1 + tiAq) lb., so that its 
analysis by weight is 

where (for solid and liquid fuels) 

ho. = -Vr C ; 9 H ; 4 - Og) = " 0*232)^o + 

Thus, in the case of distilled mineral oil, with C == 0*85, H = 0*14, 
Aq == 14*5 Ib./lb. ; = 3*12 and = 1‘26. 

The ratio of the weight of carbon dioxide formed to the weight of 
fuel is, for pure carbon, 3*33 ; for illuminating gas, about 2 ; for producer 
gas, about 0*5 ; and for mineral oil, about 3 ; the corresponding steam 
weight ratios are 0, 2*2, 0*07, and 1*26. The ratio of the total weight of 
the products of combustion to the weight of fuel is 12*5 for carbon, 
14 for illuminating gas, 2 for producer gas, and 15*5 for mineral oil. 

Gas constants. The proportional weight of the fuel gas before com.* 
bustion is 

_J 

+ ^-^0 

and of the air u\ = — 


The gas constant before combustion is thus (page 14) 
and, for the products of combustion. 


X 


is always shghtly diSerent from Rq, and, as shown by the charac- 
teristic equation, the volumes of different gases at the same pressure and 
temperature, when no change in weight occurs, are proportional to their 
gas constants, so that 

7 


This means that if is less than Bq the volume of the products is 
less than that of the original mixture when both are at the same pressure 
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and temperature. This volume contraction occurs in the combustion of 
most fuels, but for certain hydrocarbons a volume increase occurs. 

Example 15. Taking an average sample of illuminating gas burned 
with the excess air factor n = 1*25, gives the proportional weights of 
gas and air as 

Wg = 0-057 and = 0*943 
so that, before combustion, 

Eq == 0-057 X 242 + 0-943 X 96 
= 13-8 + 90-5 = 104-3 

After combustion with 

= 0-11, w 0-13, and ^(^ 2 + o^) = 0*76 
nl = O-ll X 63-2 + 0-13 X 154-2 + 0-76 X 98-4 
= 6-95 + 20-05 + 74*8 = 101-8 

The volume contraction is thus 10T8/104-3 = 0*975, which is relatively 
small. With more excess air it is still smaller. 

The volumetric analysis can be found by first finding the analysis by 
weight, from which the analysis by volume is found, as shown on page 8 . 
Since, however, the laws governing the volumes in gaseous reactions are 
very simple, it is more convenient to deal with the volumes without 
reference to their weights. 

Gaseous fuels. The combustion of gaseous carbon monoxide to carbon 
dioxide proceeds in accordance with the reaction equation 

2 CO + O 2 = 2 CO 2 

This means that 2 ft.^ of CO can unite with 1 ft.^ of O 2 to form 2 ft.^ 
of CO 2 , provided these volumes are measured at the same pressure and 
temperature, and combustion is complete. A reduction in volume of 
1 ft.^ thus takes place, while the amount of oxygen required by volume 
is half that of the carbon monoxide. 

The reaction equation for the combustion of gaseous hydrogen to 
steam is 9 tt o — n 


and shows that the volume of steam formed is f that of the original 
mixture, and that the volume of oxygen required is half that of the 
hydrogen. 

Hydrocarbons having the structure C^H^ burn in accordance with 
the equation 


GA 


|j02 = mC02 + |H,0 


The volume of oxygen required per ft.^ of fuel is thus 
while the volume of products formed from ^1 + ^ + 7 V 


fuel is ( m + o ) ^^*^ change of volume, therefore, is 


m + 2 


1 + ^ + 


= ft 


ft.^ of gaseous 


• (31) 
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Applying this, for example, to the combustion of methane CH 4 , the 
change in volume is found to be zero and the volume of oxygen required 
is twice that of the methane. For hydrocarbons with more than 4 atoms 
of hydrogen, the volume of the products is greater than that of the fuel 
mixture. For example, in the combustion of 1 ft.^ of gaseous benzene 
{GqKq) the volume of the products, from equation (31) is ^ - 1 = ft.^ 
larger than the mixture volume. Similarly a volume increase occurs in 
the combustion of paraffin containing hexane (C 6 H 44 ) and heptane 

Taking account of the volume proportions in the reactions just 
described, the necessary volume of oxygen and the proportions by volume 
of the products formed, can readily be determined for any gaseous fuel 
when its analysis is known. 

Let the analysis be 

+ ^H„0 = i (^2) 

then the minimum theoretical volume of oxygen required per ft.^ of 
fuel is 

+ (»”+ • • • ( 33 ) 

and (34) 

The volumes of the constituents, in the products of combustion per 
ft.® of fuel gas, are 

Carbon dioxide — 

+ 2vc^b^ + 2«CoH, + Vco, 4- = Vco, ■ ■ (35) 

Steam — 

+ 2WoH 4 + 4- 4- 'fH,0 4- 2 ^CmH„ = • (36) 

Oxygen— 

{n-l)02,ni„= Vo^ (37) 

where n is the excess air factor. 

Nitrogen — 

0-79ra4,„i„ 4- (38) 

The sum of these four constituents gives the total volume of products 

per ffc.3 of fuel. If the volume of the initial mixture (1 + ft.® be 

subtracted from this, the result gives the change in volume AF per ft.® 
of fuel gas, 

i.e. AF = - Ko - - Kh. + (i- l) • • (39) 
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which can also be obtained directly. A reduction in volume occurs 
therefore when the combustible constituents are carbon monoxide, free 
hydrogen, and acetylene (CgHg). In the case of the combustion of power 
and illuminating gas a reduction in volume always occurs, due to the 
high percentage of CO, but the reduction is smaller with illuminating gas 
on account of the presence of hydrocarbons containing more than 4 
atoms of hydrogen. 

For a fuel which contains several hydrocarbons having the structure 
in addition to CO and Hg, the general expression for the change 
in volume is 

A F - - iv,, - + r (I - 1 ) • • ■ (40) 


if n is greater than 4, AF may be positive. If, after combustion, the 
products are so far cooled that practically all the steam is condensed, the 
change in volume is greater by the amount Fjj^o 

j+i)«w. • ■ ■ («) 

and is therefore negative in all cases. 

The volume of the gaseous mixture before combustion per ft.^ of fuel 
gas is Vo = l+nA^,„ 

while the volume of the products at the same pressure and temperature is 
F, = 1 + + AF (42) 

in which AF is usually negative, so that < Vq, 

The ratio of the gas constants Eq and is 


or 

giving 




B. 


Vp a 

P 1 4- + AI 

1 + nA^,^ 


a = 1 + 


AF 

1 -f" 


(43) 


In most cases B^, is less than Bq and a is less than 1, since AF is generally 
negative. 

Example 16. From the average analysis of producer gas, 

= 7-0; ^ch 4 = 2*0; ^^00 = 27*6; a.nd == 58-6 per cent, 

the following values are obtained — 

O^min = i X 0-276 + -I X 0-07 + 2 X 0-02 = 0-213 
= 1-014 of gas 

AF = - I X 0*276 - 1 X 0-07 = - 0-173 ft.^/ft.^ of gas. 

With theoretical minimum air supply, the original air fuel mixture 
volume is 1 + 1-014 = 2-014 ft.® and the volume of the products is 
2-014-0-173 = 1-841 ft.® The ratio of the gas constants is thus 

1-841 
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The ratio of the density of the products to that of the air fuel mixture 

is ^ volumes of the products are = 0*344 ft.^; 

= 0*llft.3; Fo = 1)0-213 ft.^; F^= (0-802W + 0-586) ft.3 With 

n = 1, = 1-388 ft.^ and Fq^ = 0, while with n = 1*5, F^^ = 1-789 

ft. 3, and Fo = 0-1065 ft.^ The total volume of the products is thus 
0*344 4- 0*ll'+ 1-388 = 1-842 ft.^ with n == 1, and 2-3495 ft.^ with n =1-5. 
The volumetric analysis of the wet products, with n = 1-5, is 

Uoo, = 0-1465 ; = 0*0454; = 0-7613 ; = 0-0468 

and for dry products 

^402 ~ 0*153; Vq^ = 0*048; = 0*799 ; ~ 0 

Liquid and solid fuels. Let the composition of a liquid or solid fuel 
be (7 Ih. of carbon, lb. of hydrogen, and 0 lb. of oxygen. 

The reaction equation for carbon 

C + O2 = CO2 

shows that 1 lb. mol, of oxygen is required per lb. moL, i.e. per 12 lb. of 
carbon. The volume of this weight of oxygen is ^ = 359 ft.^ at S.T.P. 
(page 11). 

V 

In burning 1 lb. of carbon, therefore, yh oxygen are necessary, 

Cv 

and, for C lb. of carbon, ytt oxygen. 

LJi 

The reaction equation for hydrogen 
2Ho + 02 = 2 H 2 O 

shows that 1 lb. moL, i.e. v = 859 ft.^ of oxygen has to be supplied per 
2 lb. mols., i.e. 2 x 2-016 lb. of hydrogen. Hence, for H lb. of hydrogen 

the volume of oxygen required is ^ — ft. 3 

2 X 2*Uiv) 

The volume of oxygen occupied by 0 lb. (weight of oxygen in the fuel 

composition) is since the volume occupied by 32 lb. is Vq. 
o2 


The oxygen supplied by the combustion air is thus 


0 „ 


- (C 0 \ _ 

“ (12 "*■ 4 32 ) 


and 


A — 

^min 


(44) 

(46) 


0-21 \^12 4 32 ' 

per lb. of fuel 

In the same way it is found that the volume of COj produced from 
G lb. of carbon is , and of H 2 O from H lb. of hydrogen ft.® 


If now the actual air supply is the amount of oxygen present 

after combustion is 

= (« - 1) ft.® 
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•while the nitrogen volume is 


79 


(46) 


The total volume of the products per lb. of fuel is thus 

1^3) = ^ C 02 + + ^^2 

79 


~ + -~+{n-\)0„ 


“h 21^ 


vC vH 
“ 12+2 + 


n 

0^ 


-10 


and, inserting the value for from equation (44), 


12 ^ 2 ^ 


n 

n 


, /C , f? 0 
^ ^ ' 12 + 4 32 


■^ + ^ + 

4 ^ 32 ^ 0-21 12 


^ 32y_ 


The volume of the combustion air is, from equation (45), 

__ nv f C H 0\ 

~ 0¥l(^l2 . 

so that the volume of the products can also be expressed as 

V^ = A + ~ + ^ = A + 89-76 H + 11-22 0 


(47) 


(48) 

(49) 


The volume of the products is thus greater than the air supplied, by 


the amount v 


fH ^ 0 . 3 -p ^ 

,4 + S *'■ 


m 


is the volume of the steam 


pro- 


duced, so that for all fuels having a small oxygen content, the volume of 
the products is in excess of that of the air supplied by about half the 
steam volume in the products, i.e. by about 89-75 H. 

If the temperature of the hot products is f C., their volume is greater 


than Fj, given above in the ratio 


273 + t 
273 * 


The following should be noted regarding the water vapour present in 
the products. The maximum amount of water vapour occurs in the 
combustion of illuminating gas, and, with no excess air, amounts to 
0-16 lb. /lb. of products, provided the fuel and air are dry. Now 1 lb. of 
the products occupies about the same volume as 1 lb. of air, so that at 


lOO*^ C. the specific volume of the products is approximately 


373 X 12-4 
273 


= 17 ft.^/lb. Hence th^ weight of water vapour present per ft.^ of gas is 
0*16/17 = 0*00945 lb. Now the weight of water vapour contained in 
1 ft.^ of any gas at 100° C. when saturated is 0-0376 lb., so that in all 
cases the vapour contained in the products (at 100° C.) is superheated. 
As shown by steam tables, the saturation temperature corresponding to 



30 


TECHNICAL THERMODYNAMICS 


the specific volume of 0-00945 lb. /ft.® is 64^^ C. Products with a smaller 
vapour content become saturated at still lower temperatures. 

When a flue gas is analysed by means of the Orsat apparatus, the 
gases are always saturated, due to the presence of the trap water. Now 
in any saturated gas at 20"^ C. the partial pressure of the water vapour 
is onlv 17-4 mm. of Hg, so that, when the total pressure is 760 mm. Hg, 

17-4 

the fractional vapour pressure is = 0-023, This means (page 18) 

that the vapour volume in the Orsat apparatus cannot exceed 2-3 per 
cent, as compared with 4-68 per cent for the products in Example 16 of 
this chapter (page 27). In any case the analysis, as given by the Orsat 
apparatus, is the same as would be obtained if no vapour were present, 
since the water vapour condenses in the same ratio with each absorption. 

Returning now to equation (47), the volume V' ^ of the vapour-free, 
or dry flue gas, is smaller than that of the total flue gas volume by the 
amount of water vapour present in the latter. This gives 


^ ^ p 2 4 ' 32 4 

If moisture, weighing [H^O) lb. be contained in 1 lb. of the fuel, then 

this, as water vapour, occupies the volume S.T.P. 7^ is 

then increased by this amount, but V' ^ remains unaltered. 

The volumetric analysis of flue gases with water vapour, when the 
fuel composition is C, H, and 0, is as follows — 


V C _ 

= 12 T ^ 

_ ^ H 

—OF 

^ ^ P 

'o. — 7 ...... 

~ 21 

Writing the bracketed expression in equation (47) as 

4 0-21 \12 "*■ 4 32/ 32 

....... 

_C_ 

12fi 

F 

2fjL ' ■ ■ ■ ■ ■ ■ 

n-l(G ,3_q\ 

^ (l2'^4 32/ 

* fi is the nuinber of mols. produced by the combustion of 1 lb. of fuel. 


fl* = 

gives Fj, = 

and = 

^EaO = 


( 50 ) 

( 51 ) 

( 52 ) 

( 53 ) 

( 54 ) 

( 55 ) 

( 56 ) 

( 57 ) 
(68) 
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~ 21^ 1^12 *^4 32/ • 


(59) 


These give the volumetric analysis when, the air supply is n times the 
theoretical minimum and when the composition C, H, 0 by weight of 
the solid or liquid fuel is known. 

For a fuel containing N lb. of nitrogen, equation (54) becomes 


IX 


+ O N 

4 ^ 0-21 \^12 ^ 4 32/ ^ 32 ^ 28-08 


and equation (59) becomes 


IQnfC H 0_\ N 

~ 21/z \^12 4 32/ 28-08/t 


(60) 


(61) 


For fuels containing H^O lb. of moisture (in coal, wood, spirit alcohol, 

H 0 

etc.) /LL is increased by , so that equation (60) becomes 

io 


H % (C H 

4= ^ 0-21 (l2 4 

and (57) becomes 

H ^ E„0 
“ 2 ^ + 18 ^ 


N 

32/ ^ 32 ^ 28-08 ^ 18 ^ 


• (63) 


Example 17. The composition of a bituminous coal is C* = 0-80, 
H — 0-047, and 0 = 0-06. Find the flue gas analysis by volume (a) -with 
n = 1, and (6) with n = 1-7. 

(a) With TO = 1 the necessary air per lb. of fuel is 


A. 


359 

0-21 


(^l2 4““ 


0 / 

3‘. 


The flue gas volume is 

= 131 + 89-75 X 0-047 + 11-22 X 0-06 
= 131 + 4-22 + 0-673 = 135-9 ft.® at S.T.P. 

which, at 273° C. and 14-7 lb. /in.® abs., becomes 
2 X 135-9 = 271-8 ft.®/lb. of fuel. 

With ^ = 0-379 (for to = 1) 


'-'COj 




0-80 

“ 12 X 0-379 
0-047 

“ 2 X 0-379 
= 0 

_79 1 

~ 21 ^ 0-379 


— 0-175 or 17*5 per cent 
= 0-062 or 6-2 per cent 


X 0-0766 = 0-758 or 76*8 per cent. 


(b) With n = 1-7 the air supply is 1-7 x 131 = 223 ft.^ and the flue 
gas volume is 223 + 4-22 + 0*673 = 227-9 ft.^ which at 273° C. becomes 
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227*9 

2 X 227*9 = 455*9 ft.^/lb. of fuel. The factor is = 0*634, so that 

^ ^ 0*104 (10*4 per cent) 


"^002 


%20 — 




12 X 0*634 
0*047 
2 X 0*634 
0*7 X 0*0766 
0*634 
79 X 1*7 X 0*0766 


= 0*037 (3*7 per cent) 

= 0*085' (8*5 per cent) 

= 0*774 (77*4 per cent). 


‘^2 21 X 0*634 

THE GAS ANALYSIS AND THE COMBUSTION TRIANGLE 

Analysis of dry flue gas. In analysing flue gases, the proportions of 
the dry flue gases are determined, so that the following is valid for this 
state. 

«C02 + ^02 + = 1 

and, in place of equations (56) to (59), the following are substituted — 

^ .... (64) 

. (65) 

. (66) 

. (67) 

. (68) 



” 12^' 






= 0 


* 



^02 

- 1 / 

'C 

1 

H 

O' 

~ jU.' \ 

.12 

"T 

4 ■' 

■32^ 


79 n 


+ 

H 

0 

%2 

~ 21 

[l2 

4 ' 

■32 


From equations (66) and (67), 
21 


n = 


21-79 


This equation thus enables the amount of excess air to be calculated 
when and are known, since is then also known. The value of 
is always about 0-79, so that, very closely, 

0-21 

” ~ 0-21 - t’o, 

For fuels without hydrogen, 

^02 + ^cog = ^‘21 

n 


givmg 


0*21 


Vc 


COo 


(70) 


so that the determination of the carbon dioxide is sufficient to give n. 
Further, from equations (64) and (66), 

Vnn _ 1 C) 
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and, inserting the value of n given by equation (68), 


This shows that, for any given fuel, a definite relationship exists 
between Vq^ and If the values are plotted to a base of 

values, a straight line is obtained (Fig. 8) which has its greatest possible 
Vqq value on the ordinate axis, i.e. where Vq = 0. This is 

^ . (7 

0-79 ■ ^ 

and thus depends on the composition of the fuel. 

Thus in the case of pure carbon with H = 0 and 0 = 0, Vqq^ = 0*21, 
while for mineral oil distillate, with 0 = 0*85, N = 0*14, Wd 0 = 0, 
'^’cog mav = 0*151. These straight lines all cut the abscissa axis at 

= 0*21 (Vco2 = 0). 

The combustion lines for different fuels thus run as shown in Fig. 8, 
which is called the combustion triangle. 

The excess air factors n vary from % = 1 at the top to 71. = cc at the 
bottom, as shown by equation (71), from which, for different values of 

— , the corresponding n values can be determined and plotted on the 
^02 

straight lines, as shown in Fig. 8. 

If the volumes of and Vq , as found by the flue gas analysis, be 
plotted on the combustion triangle, the point should lie on the straight 
line corresponding to the fuel. If it lies below this line, combustion is 
incomplete, and if above, an error is indicated either in the flue gas 
analysis or in the assumed composition of the fuel. The value of n is also 
read at the same time. 

The value by analysis must lie within 

the limits ^iid 0*21 if the excess air factor fles between 1 and oo . 

If this sum be plotted to the same base, a straight hne is again obtained, 
as shown in Fig. 9. Should the sum given by the flue gas analysis be less 
than that given by this line, the combustion is incomplete, showing that 
the flue gases probably contain some CO as well as CO2 and Og. 

Incomplete combustion. Incomplete combustion occurs when less air 
is supplied than that chemically necessary for complete combustion, i.e. 
when the excess air factor is less than I. Even when excess air is supplied, 
however, (?^ > I) incomplete combustion can occur, due either to incom- 
plete mixing of the air and fuel, or to rapid cooling during the combustion 
process. 

The presence of combustibles in the cooled flue gases is an indication 
of incomplete combustion. Of these, the most important is CO, but Hg, 
CH4, and other gaseous hydrocarbons are sometimes found, as well as 
solid carbon, in the form of dust. It is obvious, of course, that the flue 
gases formed with excess air when the combustion is incomplete will 
contain 0^, but it is also found that O2 may be present even with a 
deficient air supply, particularly when the air and fuel are not properly 
mixed. In the following, only flue gases containing CO in addition to 

4— (5714) 
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CO2, HoO, O2, and N2 will be considered. The carbon monoxide found in 
the flue gases, formed by burning a gaseous fuel, is accounted for by the 
presence of this gas in the original fuel gas, but in the case of a liquid or 
solid fuel containing C parts by weight of carbon, we have to regard the 
CO as being produced by the combustion of (1 — x) C ]h. of carbon, while 
the remaining xC lb. burns to COg. 



The volumes of these gases are thien 


Vr 


xC 

To 


i;ft.^ 


and 


12 


C 

from -which 7 co, + >"oo = 32 « 

and is thus the same as the volume of CO2 formed -with complete com- 
bustion. 
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If the actual volume of oxygen supplied is n times the theoretical, 
then its value is 

^ V ft.® with w 1 
4 32; < 

This quantity of oxygen carries with it the nitrogen volume 


V. 


79 fC , H 0 


21 


12 4 ■ 32 


The volume of oxygen required for the formation of CO 2 , CO, and 
HgO is, from the reaction equations, 


I 1/1 ^ ^ ) - 

^ + 5(1 - x ) V 


, ^ 


so that the oxygen, left in the flue gases, is 

C 


Fn 


G_ H_q^ 
12 4 32 


12 


l-x\ H . 0 


= (w-1) 


C 


H 0\ 


12 4 32 




C - 


01. 
32 J 


t> + 1(1 - x) v 


The total dry flue gas volume is 


or (in mols.) 


F'. = (Fco,.+ F,,+ F,,+ 7„Jft.® 


V' C . 19 fC . H 0 


v'‘ 12 21 ( 12 4 32 )^^'^ ^Hi2^4 32 

C 

12 

= ^' (74) 

By putting = 1 the value of fi' is found for complete eomhustioh. 
The analysis of the flue gas by volume is now 

G 


+ 1(1-^)- 
fC H O\{n-0-21) , C , , ,, 

= (t 2 + r“^)“072l~ + 12 ® 


12fi' 

{1-x) 


0 

12 ^' 


n-l fC . H 0 




12 




0 

12 / 


v^. = 


79to f 

21/ 1 12 "^4 32 


(75) 

(76) 

(77) 

(78) 


The equation giving the excess air factor n is found, as in the case of 
complete combustion (equation 68), by first finding the ratio t’ojvs. 
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from equations (77) and (78) and then eliminating the quantities C, H, 
and 0 by means of equations (76) and (77). The result is 


21 


n = 


21 _ 2^Co| 


. (79) 




which, with ^co = 9, is the same as equation (68). 

Equation (79) thus enables the excess air factor to be determined, 
when the flue gas analysis is known. 

Combustion triangle. The relation between Vqq^, Vqq, and Vq^ is 
found as follows — 

Dividing equation (77) by (75) gives 






i^+4 


(l-X) 


. (80) 


Dividing equation (75) by equation (76) gives 


^CQ2 


X 

I -X 


(81) 


hence 


X = 


^C02 


^C02 


+ 


Inserting this value in equation (80) gives, finally, 

= (w - 1) [Vco. + «^co] (l + ^ - 




+ h 


(82) 


(83) 


By putting v^q = 0 this equation, which relates the quantities COg, 
O 2 , CO, and n, becomes the same as the simpler one (71) for complete 
combustion. Ji n-1 be eliminated by means of equation (79), an equa- 
tion relating CO 2 , O 2 , and CO alone could be established, the graphical 
representation of which, on rectangular co-ordinates, would be a curved 
surface. It is preferable, however, to represent the relations on a plane, 
as in the case of the combustion triangle with complete combustion. 
To do this, Vc(y has to be eliminated from equation (83) by expressing it in 
terms of -ycog and Vq 2 sis follows. 

From equations (74) and (81) 


fC 


(O H 0\(7^-0-21) 
1^12 “^4 32 j 0-21 


+ 


C_ 

12 


1 + J- 


'^CQ \ 

+ "^QoJ 


and this, along with equations (76) and (82), gives 


^co 


1 B Vqq ^ 

0-5 + B 


in which 


B = 

From (84^ we have 



'^CO + '^COz = 


^ ^C02 

1 + 


0\n-- 0-21 
Cj 0 21 


(84) 

(85) 


. ( 86 ) 
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This, along with equation (84), gives, for equation (83), 


(1 -f- 27?) (w — 1) (2 -|- Wgg 


(87) 


in which (w - 1) is found from equation (79). For the graphical representa- 
tion in the combustion triangle, these relations give the following — 
with n — equation (83) gives 

(88) 

and hence, with equation (84), 


— B Uqq. 
1 + 


25 


(89) 


In equation (85), with n = 1, 


B 


l + 0-79(3^-|g 


0-21 


hence, from equation (73), 




1 


(90) 

(91) 


where is the greatest carbon dioxide content possible with 

complete combustion. For = 1, therefore, B has a constant value, and 
equation (89) is represented by a straight line in the combustion triangle, 
which cuts the ordinate axis at the value FcogTwaa; ^.nd the abscissa 
axis at 


^C02 max 


1 + 2B 2 Vn 


(92) 


as given by equations (89) and (91). 

0*21 

Thus, with Uooj max = 0-21 (pure carbon), 
while for oil with v^o^^ax = 0-151, == = 0-0702. 


In general, the slope of this straight line is 


^02 max 
max 


1 


2 + 


CO2 max 


and separates the region of incomplete combustion with excess air (on 
the right) from that in which insufficient air is supplied (Fig. 9). The area 
enclosed by it and the straight line for complete combustion gives the 
complete region of incomplete combustion with excess air, while the 
region between the straight line for n = 1 and the ordinate axis serves 
for aU possible cases with insufficient air. 

Further, as shown by equation (88), with = 1, 

^co = 2Uo, 
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so that, in order to mark off the percentage CO values on the line n = 1, 
it is only necessary to draw perpendiculars from the points 1, 2, 3, . . . 
per cent (marked on the abscissa axis) to cut this line, giving the points 
2, 4, 6, . . . per cent, which correspond to the percentage CO. 

For values of ^ > 1 5 is constant, for a constant n value, as shown 
by equation (85), so that equation (87) is again represented by a straight 
line, The slope of this line is found by differentiating equation (87), 


from which, with the value of B given by equation (85), 



0-21 


'^ 02 . 


V 


C02 


== tan a 


In the simplest case C = I, H = 0, and 0 = 0 (carbon) 


tan a = 


0*21 + 0*7971 
0*21 + 2n 


and hence depends on the particular n value. The group of lines for 
71 = constant is, therefore, not parallel, as was previously assumed. 
They form a series of lines radiating from a point P (not shown) , having the 
ordinates = 1 and = - 2, since- these satisfy equation (87) for all 
values of n and for any fuel. The straight lines, however, deviate but slightly 
from the parallel direction within the re^on dealt with. It is only 
necessary, therefore, to join up this point P to the excess air points, 
marked on the line for complete combustion, ' in order to obtain the 
straight constant excess air lines. 

The points of constant carbon monoxide content are found on these 
straight lines in the same way as was done for the line = 1. Thus, 
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from equation (84), the diSerence in the carbon monoxide content on 
any line n = constant is, for the points 1 and 2, 

«^2CO - «100 = (^2C0, - ^ICoJ g 

in which B is constant. For very small differences this is 

Awco = Avco, 0.5 _|_ Jg 

P. Meyer, in Z,V,d,L (1929), page 824, shows the same result. (‘'Mis- 
chungsverhaltnis und Verhrennungsvorgange im Olmotor.”) 

But A^;o2 

^^C02 

is also constant, since the line n = constant, is straight. 





%02 
Fig. 10 

Hence equal differences in the values of ^coo ^'oz 

differences in the values of ^>^05 distances between the con- 

secutive points 1, 2, 3, . . . giving the percentage carbon monoxide on 
the line n = constant are equal, just as on the line = 1 . From this it 
follows that the lines of constant CO content are curved. They could 
only be straight if the curves of constant n values were parallel. Actually 
the lines of constant CO content are quadratics, as shown by equation (87) 
when 71 - 1 is replaced by its value given by equation (79) and Vq^ is 
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replaced by as given by equation (80). The deviations from parallel 
straight lines are, however, very slight. 

The percentage CO divisions are found from 

w 

by making the vertical intercepts between the CO points equal to 


times those of the COg divisions. On the various lines n = constant 
these differences are unequal, since B depends on n. Fig. 10 represents 
the complete combustion triangle for oil. 

This representation is of httle practical value in the case of combustion 
with insufficient air, since there is always Hg along with CO under this 
condition, as shown in the author’s book Neue Tahellen und Diagramme. 
The diagram is of use, however, in the case of incomplete combustion 
with excess air, particularly when the analysis of the gases shows only 
the 00 2 and O 2 proportions, because the diagram then serves to determine 
the unknown CO value. 



CHAPTER II 


THERMAL PBOPEBTIES OE GASES 

Heat Quantities 

It is now known that heat is a form of energy, due to the motion of the 
molecules of a substance. This is known as the kinetic theory, but the 
subject matter of this chapter holds, whether or not the kinetic theory 
be true. 

When heat is supplied to a substance, it spreads uniformly throughout 
it. Equal parts by weight of a substance, which is isolated from other 
substances, contain, under conditions of thermal equilibrium, equal 
fractions of the whole thermal energy contained in the body. 

Experience shows that the same substances are capable of storing 
greatly different amounts of thermal energy. Varying amounts of heat 
can be supplied to a body by a flame or other heat source, while a hot 
substance can give up heat to other substances. 

Even if nothing be known of the manner by which a substance receives 
its heat, it is possible to decide, by the sense of touch, whether a substance 
contains more or less heat than another, so that a distinction is made 
between “ hotter ” and '' colder ” bodies. This degree of heat is known 
as temperature. 

The same substances, having the same weight, contain more heat 
at a high than at a low temperature, but experience shows that different 
substances having the same weight (such as 1 lb. of iron and 1 lb. of 
water) may contain very different quantities of heat even if they be at 
the same temperature. Thus water requires, in order to heat it through 
the same temperature range, about nine times more heat than the same 
weight of wrought iron. 

Bodies at different temperature levels, when brought in contact with 
one another for a sufficient length of time, assume the same temperature, 
even if they have widely different properties. Temperature is thus an 
indication of the state of thermal energy, but is independent of the 
amount of heat contained in a substance. It is somewhat analogous to 
“ potential ” in electrical energy. 

It IS possible to decide with some certainty, by the sense of touch, 
in the case of two substances, whether and by how much, the one is 
warmer or colder than the other. In bodies of diferent material, however, 
this method in general fails when the temperature difference is not high. 
Naturally the sense of touch conveys no quantitative measure of these 
differences. 

A measure of temperature, which is independent of the nature of heat, 
is afforded by the changes in the state of bodies when receiving or giving 
up heat. Almost all the physical properties of a body are varied Ipj 
heat. 

The most important of these is the change in volume, and it is this 
change which is generally used to measure temperature changes. Two 
different or similar substances are at the same temperature if they, on 

41 
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being brought in contact with one another, experience no change in 
volume. The temperatures will also be equal if these bodies effect the 
same change in volume of a third substance, with which they are brought 
in contact, provided the weight of this third substance is negligibly small 
compared with the other two. If, for example, it is desired to find whether 
water and air are at the same temperature, a tube partly filled with 
mercury (and called a thermometer) is first placed in the air and then in 
the water. If no change in the volume of the mercury occurs, the air and 
water are at the same temperature. If, however, the mercury rises in 
the tube when this is placed in the water, then the water is warmer than 
the air. The temperature is thus decided by the position of the mercury 
thread. 

The basic scale of temperatures is obtained by means of the expansion 
of gases, since, of all substances, these show the greatest change in volume 
when heated. Amongst gases, hydrogen is distinct as showing regularity 
in the scale. 

Other changes, due to heat, made use of in thermometry are the 
variation in electrical resistance and the thermo-electric current. In the 
latter, two metal wires of different materials are soldered together at 
the ends. The one junction is placed in the region where the temperature 
is to- be measured, and the other is placed in the atmosphere or in melting 
ice. The difference in potential at the two junctions is nearly proportional 
to the difference in temperature. For measuring flue gas temperatures, 
one wire is of platinum and the other is an alloy of platinum and rhodium. 
For steam temperatures, copper and constantan wares are used. In 
optical pyrometers, which are used for temperatures above 1000° C., the 
temperature of glowing bodies is determined by their brightness. 

The total radiation pyrometer measures the temperature by the 
intensity of the total, i.e. -visible and invisible, radiation. 

Specific heat. If the quantity of heat contained in a body be 
increased in any manner, the temperature rises. For equal weights of 
different bodies, however, equal temperature changes can correspond to 
very different quantities of heat. The capacity for taking up heat depends 
on the nature of the body. 

The amount of heat received by 1 lb. of water when its temperature is 
raised from 14-5° C. to 15*5° C. is taken as the unit of heat and is called 
the “ Centigrade heat unit,’’ or C.H.XJ. 

If, in place of 1 lb., the weight 1 kg. is used, the unit of heat is then 
called the “ large calorie,” and one-thousandth part of this gives the 
gram calorie. 

The term “ specific heat ” of any body means the number of heat 
units required to raise 1 lb. of the body through 1° C. 

In the case of solids and liquids, the specific heat is constant, apart 
from slight variations with temperature, but in the case of gases or 
vapours, c varies considerably, depending on the external conditions 
under which the heating proceeds. 

Heat quantities are generally measured by bringing the substances 
containing the heat into conducting communication with water. The 
heat transferred is then determined from the weight and rise in tem- 
perature of the water (calorimeter). 

The specific heat of solids and liquids is not quite independent of 
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MEAN SPECIFIC HEAT OF SOLIDS AND LIQUIDS 
(For the specific heat of gases, see pages 48 and 53) 
Substance Specific Heat C.H.IJ./Ib. 


Aluminium 

Lead .... 
Iron (various) 

Copper 

Zinc .... 
Tin . 

Bronze 

Stones (various) . 
Bituminous coal . 

Class .... 
Water. 

Ice .... 
Ammonia \ 

Sulphur dioxide ( Liquid 
Carbon dioxide ) 

Alcohol . ' . 

Olive oil . 

Petrol and Paraffin 


0-17-0-22 

0*03 

0*11 (up to 100° C.) 

0-09 

0-09 

0-056 

0-09 

About 0-20 when dry 
0-31 

0 - 11 - 0-22 
1 at 15° C. 

0-502 (between - 1° and - 21° C.) 

0-93 (0° to 20° C.) 0-86 (0° to - 20° C.) 
0-33 (0 to 20° C.) 0-31 (0° to - 20° C.) 
0-64 (0 to 20° C.) 0-48 (0° to - 20° C.) 
0-56 (0° to 15° C.) 

0-47 

0-50 



Fig. 11 


Fig. 12 


temperature, even when far re- 
moved from the melting or boil- 
ing points. The differences, o^ZO 
within moderate temperature 
limits, are, however, not serious. 

Thus the specific heat of mercury 
decreases continuously from 
0-0335 at 0° C. to about 0-0327 
at 100° C.j i.e. a variation of 2-5 
per cent. The variation of c for 
water within these limits is less o-ii 
than 1 per cent. 

The peculiar dependence of 
the specific heat of iron on tem- 
perature is shown in Figs. 11, 12, and 13.* The sudden change in the 

* From Stahl and Eisen, Oberhoffer (1927), page 582. See also Forsch, Arb,, 
No. 204. Wiist, Meuthen, and Durrer. ‘‘Die Temperatur-Waiineinhaltskurven der 
technisch wichtigen Metalle.” 






44 


TECHNICAL THERMODYNAMICS 


value of c at 785° C. is due to the internal change in the iron (trans- 
formation point). 

At very low temperatures, however, the c values are governed by 
totally different conditions. From Nernst’s experiments on the specific 
heats at temperatures near absolute zero, new data have been obtained, 
which are not only of the greatest importance in connection with the 
specific heats themselves, but also for the general properties of substances 
and the nature of heat, particularly with regard to the laws of chemical 
reaction. It is only by means of these results that the gap between 
thermal and chemical processes can be bridged. 

It was formerly assumed that the specific heat of solids and under- 
cooled liquids continuously decreased as the temperature decreased and 
that, at y == 0° C., its value could be found by extrapolation of the 
curve given by points near this region, as shown by the dotted curve 



AB in Fig. 14.* This assumption is now known to be wrong, as a result 
of experimental work carried out by Nernst (since 1911) at temperatures 
as low as that of liquid hydrogen. The tests proved that the specific 
heats of widely different simple and compound substances drop very 
rapidly below a certain temperature level, and actually become zero at 
T = 0, Near the absolute zero point, even at finite temperatures, the 
decrease in the specific heat values is immeasurably small. This is well 
shown by carbon in the diamond modification (and also by amorphous 
and graphitic carbon), for which the specific heat is exceedingly small at 
as high a temperature as 40° C. abs. For metals, the corresponding 
temperature is considerably lower. 

Fig. 15 shows a part of the results of Nernst’s measurements. The 
atomic or molecular specific heatsf are plotted to a base of absolute 
temperatures. At temperatures above 273° C. abs. (0° C.) the different 
metals have approximately the same specific heats, amounting to about 
6C.H.U./moL This relationship is known as the ‘‘ Dulong-Petit Law.’' 
The accelerated drop for the different metals commences, however, at 
very different temperatures, the latest being for lead and the earliest for 

* Nemst also assumed this in establishing his heat theorem in 1906, but with 
the proviso that the specific heats of one and the same "body, in different modifica- 
tions, would be equal at T = 0. 

t That is the specific heats per pound multiplied by the atomic or 
'ights m. 
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aluminium. At low temperatures, therefore, the atomic heats vary widely 
and the Dulong-Petit Law breaks down entirely. The greatest deviation 
from the atomic heats of the metals is shown by the diamond. The 
approach to a maximum value for this substance can only be expected 
at a high temperature. 

The actual eflEect of these very small specific heat values with a 



supply or removal of heat is as follows. From the definition of specific 
heat we have 

AQ — {me) AT 

where (me) is the mean molecular specific heat during a small change in 
temperature AT. 

Hence ^ 

me 

If now me is very small, for example one thousandth (diamond at 
55° C.), then 

AT =: 1000 ^Q 

At about 100° C., however, me becomes equal to about 2, so that 


The same heat supply AQ at low temperatures thus causes a tem- 
perature rise 2000 times greater than that at the higher temperature. 
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If, for example, ^Q = C.H.U., then, at the high temperature, 

- 2000 ""- 

and, at the lower temperature, 

AT = r C. 

Gases. Provided the temperature differences are small* the specific 
heats of gases (c^ and c^) may be regarded as practically constant. 
Tests at the high temperatures between 1000° C. and 3000° C. show, 
however, that the specific heats are considerably in excess of those 
between 0° and 100° C. This is of importance in problems connected 
with internal combustion engines where temperatures about 2000° C. are 
found. 

In the case of superheated vapours which are near the saturated 
state (e.g. CO 2 at room temperature) the variation, even for small tem- 
perature differences, is considerable. In the case of superheated steam, 
not only the temperature but also the pressure seriously affect the specific 
heat values, particularly in close proximity to the saturated state. The 
pressure has no effect, however, on the specific heat values of gases far 
removed from the saturated state. 

Mean and true specific heat. If the amount of heat, received by 1 lb. 
of any body when its temperature is raised from to be Q, the value 



is called the mean specific heat. This is the average amount of heat 
required per degree rise in temperature. 

If it is found that this quotient has the same value for any other 
temperature interval within t-^ - then it is the same as the true specific 
heat. In this case the same heat c is required for each degree rise. The 
mean and true specific heats are then constant. 

If, however, the quantities of heat required for equal temperature 
differences at different temperature levels be unequal, the specific heats 
are also unequal. Even within the chosen intervals, may be unequal. 
As the intervals are reduced, however, the difference between the true 
and mean specific heat tends to disappear until, for an indefinitely small 
interval, the specific heats become equal. The true specific heat is, 
therefore, 



where AQ is the heat supplied for the small temperature vise At. 

If the quantities of heat Q required to raise the temperature from 
tQ° to i^° be plotted to a base of temperature (Fig. 16), the resulting curve 
is straight when the specific heat is constant and curved when the specific 
heat is variable, since it is only in the former case that the quantity of 
heat is proportional to the temperature change. 

When c is variable, its true value is given by the ratio AQ/A^,^and 
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this is different at every temperature, since the tangent to the curve 
changes continuously. If the Q line he given, i.e. determined by experi- 
ment, c is found from 


Q 

At t-t' 


(true specific heat at t) 


and 




(mean specific heat between and t) 



If the true specific heats be plotted to a base of temperature (Fig. 17) 
the narrow shaded area is cAt — AQ. The total heat required to raise 
the temperature from to C. is therefore given by the area OAA^ A\. 
The mean specific heat is the mean height of this area. If the 
values are plotted to a temperature base, the variation in their values is 



obtained, and Fig. 17 shows that their values are aU smaller than the 
true values. 

In the special case of the specific heat varying as a linear function of 
the temperature, both the c and lines are straight. The mean specific 
heat between and t is then the same as the true specific heat midway 
t -U t 

between tQ and t, i.e. at (Fig. 18). 

If, in general, c = a + bt 

then == a 

between 0 and 
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If the temperature is not 0° but the mean specific heat for 

the temperature interval 

ic-jl = ® - 

Relation between the mean specific heats between the 

same temperature limits. In almost all tests on specific heats it is the 
mean values or which are determined. A definite relationship, 
however, exists between the two, so that one can he found from the 
other. 

The relationship between the true specific heats is (page 94) 

. 1*985 


and, multipl 5 ring both sides by dt, gives 


c^dt = c^dt H 


l*985a!^ 

m 


Integrating between the limits and t gives 


m 

- 1 *985 

^3)m ^vm ‘ ~ ^ 

~ + 1*985 (values per mol.). 

SPECIFIC HEATS OF GASES 

The external conditions under which the heating of solids or liquids 
occurs have little or no effect on the specific heat of these substances. 
The case is, however, entirely different with gases, since their specific 
heats are affected considerably by these conditions. 

There are two fundamentally important cases, namely, heating at 
constant volume and heating at constant pressure. In the first case, the 
gas is contained in a closed vessel of constant volume, and the quantity 
of heat required to raise 1 lb. of the gas through 1° C. is then called the 
specific heat at constant volume c^,. In the second case the gas is heated 
in a vessel, sealed with a movable piston, so that the volume may change, 
while the pressure is kept constant. Under these conditions the amount of 
heat required to change the temperature of 1 lb. of the gas by U C. is 
called the specific heat at constant pressure 

All measurements of the specific heats of gases can be related to these 
two cases, i.e. if or is known, the specific heat under any other 
conditions can be determined, and themselves are mutually 
determinate. 

With regard to the specific heats and c^,, all the different types of 
gases can he divided into three clearly defined groups, namely, the 
monatomics, the diatomics, or mixture of diatomics, and the polyatomics. 

For the first and second groups the following general law is valid, 
with fair accuracy. 

If the pressure, volume, and temperature of two different gases, 
having the same number of atoms in the molecule, are the same, the 


or 

and also 
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amounts of heat required to increase their temperature through the 
same range are equal.* 

If the unit of weight chosen is that contained in 1 ft.^ of gas at 
S.T.P., the specific heats G'^ and C'^ for this unit of weight are the 
same for all diatomic gases, i.e. 

C^(0,) = C\(N,) - C',(CO) = ^ C\,(air) 

and similarly for the values. 

The same law holds for the monatomic gases, but the actual values 
of G'^ and G'^ are then smaller than those for the diatomics in the ratio 
of 3 to 5. 

The usual value of the specific heat, referred to 1 lb., is found from 
the above values as follows. The weights of equal volumes of difierent 
gases are proportional to their molecular weights niQ, etc. Now to 
heat Ml, mg, etc., lb. of gases at constant pressure through 1® C., the heats 
necessary are etc., C.H.U.s. From the law given above 

these quantities of heat are equal, for diatomic gases, since m^, mg - - . lb. 
of each gas occupies the same volume, namely, 359 ft.^ at S.T.P. Hence 


On the other hand, the specific heat referred to the mass of 359 ft.^ at 
S.T.P, is 359 G'jj, which gives 

C'd = = ^2^3,2 = . . . = 359 

The product mc^,, i.e. the specific heat referred to a mass of m lb. 
of a gas, is called the molecular specific heat G^. The diatomic gases have 
therefore the same molecular specific heats, as also the monatomic gases. 
The average value for the diatomic gases at 0° C. is 

G^ = mc^ = 6-86 C.H.U./lb. mol.t 

= 4-88 C.H.U./lb. mol. 

so that G'^ = 0-0191 C.H.U./ft.^ at S.T.P. 

G\ = 0-0136 C.H.U./ft.3 at S.T.P. 


The calculated values for c^, using the respective molecular weights, 
are given below, along with the results obtained by direct measurement 
at temperatures between 15 and 20° C. 


m = 



and for 



Oo 

H 2 

32 

2*016 

0*214 

3*40 

0*218 

3*408 


0*152 

2*42 

0-156 

2*42 


N 2 

CO 

28*08 

28 

0*244 

0*245 

0*249 

0*250 


0*174 

0*174 

0*178 

0*179 


Air 


28-95 


0*237 

Calculated 

0*241 

By test 

0*168 

Calculated 

0*172 

By test 


* Excepting the gases with a high molecular weight (halogens), such as chlorine. 
From recent determinations in the Nernst Laboratory the values for chlorine gas 

at 16° C. and 1 atmosphere are mc^ = 6*39, mc^ = 8-49, and ^ = 1*33. 

+ On recently determined values for the separate gases, see below and alsop. 131. 
As shown on p. 131, the law is only approximately true at very high temperatures. 

5 — (5714) 
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V Variation with temperature. It is now known that the specific heats 
and Cj, of all gases, apart from the monatomics, increase with increasing 
temperature. Tor most gases the increase is directly proportional to the 
temperature increase, so that 

Cj) = ^3)0 + 

and + bt 

The factor b is the same for both Cj, and c^, since the difference between 
Cj, and C^ must be the same at all temperatures. 

From tests carried out by Holborn and Henmng, in 1907, the specific 
heat of nitrogen between 0° C. and 1400° C. is given by 

= 0-235 0-000038< 

and from tests by Langen, in 1903, 

Cjjj = 0*000037 8t 

These results show almost complete agreement with regard to the 
variation with temperature, in spite of the widely different methods 
adopted in their determination. 

The law mentioned above, which states that the specific heats of all 
diatomic gases are about equal, is valid also at high temperatures, as 
proved by Langen, who carried out tests on different mixtures of these 

From more recent tests in the German Imperial Institute, the following 
has been obtained for nitrogen — 

Cj, = 0-2491 + 0-000019< 

which gives an increase in Cj, with temperature only about half that 
given by the equation above. At 800° C. both equations give about the 
same result. 

The mean specific heat from this is 

= 0-2491 + 0-0000095t 

and the true molecular specific heat for nitrogen -with m == 28-02 
Oj, = mcp = 6-98 + 0-000632t 
and = mc^ = 4-99 + 0-000532i 

The mean molecular specific heat between 0° and t° is 
C'jim = (”*^3,)^ = 6-98 + 0-000266t 
and ~ + 0-000266t 

Up to about 1000° C. these molecular specific heats can also be apphed 
to the other diatomic gases. 

At higher temperatures the specific heats increase more rapidly, and 
between 1200° C. and 2500° C. the foUo-wing applies* — 

G^ = 7-0 + 0-000713t 

These equations have been used for the results given in this table. 


= 0 

100 

200 

300 

500 

1000 

1200 

1400 

2000° C, 

= 6*98 

7-01 

7*03 

7-06 

7*11 

7-35 

7-44 

7*51 

7*72 

= 6-98 

7-03 

7-09 

7*14 

7*25 

7*64 

7-82 

8*00 

8*43 

= 4-99 

5-04 

5*10 

5-15 

5*26 

5*64 

5-83 

6*00 

6*44 


W. Schiile, Neue Tabellen und Diagramme, page 32, 
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The values given by Neriist* for N 2 , O 2 , HCl, and CO are 
mc^ = 4-90 4*93 5-17 — 5-35 ~ 5-75 — 6-22 

and, for hydrogen, 

mc^ = 4-75 4-78 5-02 — 5-20 — 5-60 — 6-00 


The most recent experimental work by Nernst and Wohlf shows, 
however, that the variation in specific heats is not proportional to the 
temperature change, but is a totally different function of the temperature, 



as determined optically from the internal vibratory energy of the atoms 
in the molecule. 

In Fig. 19 the values of the molecular specific heats, given by the 
above equations, have been plotted for Ng, H 2 , and Og and show that the 
curves rise with temperature by varying amounts. The values for Ng 
from the German Imperial Institute have also been plotted, as well as those 
calculated by the author above 1000° C. from test results of various 
investigators. :f This curve coincides with the German Imperial Institute 
curve at the lower temperatures. 

Relation between and c^. Ratio y = cjc^. On page 94 it is 
shown that the relationship between Cj, and is expressed by 


so that Cj, is always greater than c^,. 

W. Nernst, Die theoretischen und experimentellen Grundlagen des neuen Wdrme- 
satzes. 

f W. Nernst and K. Wohl, “Spez. Warme bei hohen Temperaturen,” Zeit. f. 
Tech. Phy., Bd. 10 (1929), No. 12. Also K. Wohl and G. v. Elbe, “Die spez. Warme 
des Wasserdampfes bei hohen Temperaturen,’’ Zeit. /. Phys. Ghem., Abt. B„ Bd. 5 
(1929) 3/4 Heft. 

+ W. Schiile, Neue Tabellen und Diagramme. 
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Now, from page 12, we have 


R 


2780 

m 


and hence 


2780 


1-985 


The diSerence between the molecular specific heats is thus constant for 
all gases and equal to T985, 

If the specific heat and the molecular weight m are known for 
any gas, is given by 

1-985 

- 

Further, with = 

the ratio of the two specific heats is 


m 

1-985 

m 


mc„ 


Alternatively, 


y = 


mCj, - T985 


Example 1. Find the value of for nitrogen if y = 1*41. 
1-985 X 1-41 


= 


0-41 
6-824 


== 6-824 (mol. specific heat) 


28-08 


= 0-243 


As shown by the expression for y, all the diatomics must have the 
same y value, since their molecular specific heats are equal. If is 
assumed to be 4-99, as given above, then 


The following values of y have been determined by test : for Hg. 
1-408, Na, y == 141 0^, y = 1*398; air, y = 1-401 to 1-406; CO' 
1*403. The mean of these is 1-404. 


Effect of temperature on y. The relation 


y 


= 1 + 


1-985 


is valid for ah temperatures. But, for diatomic gases, 
mc^ = 4-99 + 0*000532« 

1*985 


therefore 


7 = 1 ' 


4-99 + 0-000532^ 
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From this, it will be seen that y decreases with increase in temperature, 
although the variation is small within small temperature changes. Thus, 
ii y z=z 1*398 at 0° C., its values at 100° and 200° C. are 1*395 and 1*390. 
It is permissible therefore to accept the value y = T40 for temperatures 
below 200° C. 

At very high temperatures, however, y becomes considerably smaller. 
Thus, at 1000° C., y— T360. Fig. 23 shows how y varies with tem- 
perature. Between 0° and 2000° C. we have, approximately, 

y = 1-40- (for 0^, Ng, Hg, CO, and air) 


SPECIFIC HEATS OP POLYATOMIC GASES 


Carbon dioxide. The most reliable value at 0° C. is* (for atmospheric 


pressure) == 0*1971. 




A close agreement 

to this is 

given by Partington, as shown by the 

following table — 

At 

0° 

10 

0 

0 

100® C. 


= 0-1989 

0-1991 

0*2132 


= 0-1518 

0*1527 

0*1675 


= 1-3084 

1*3017 

1*2727 


Holborn and Henningf gave the following mean specific heat values 
between 20° and P C. — 

t = 200 440 630 800 847 1000 1200 1360'" C. 

= 0-2168 0-2306 0-2423 0-2493 0-2491 0-2602 0-2654 0-2678 


These values were obtained by cooling a previously electrically heated 
mass of gas in an oil calorimeter. 

Explosion tests, in which CO was burned to COg in a bomb, and the 
maximum pressure determined, were carried out by A. Langen,J and by 
Pier and ]Bjerrum.§ These gave the mean specific heat at constant 
volume. According to Schreber, Langen’s tests gave between 17° and 
1500° C., = 10*45, so that == 12*43, and (c^)^ = 0*283; 

and between 17° and 1700° C., ( 0710 ^)^ = 11*20, so that = 13*18, 

and = 0*300- 

The mean value given by Bjerrum and Pier between 17° and 2714° C. 
is == 10*9, so that = 12*88, and = 0*293. 

The results of recent calculations by the author, based on various 
explosion tests, are given below. The values below 800° C. are those 
supplied by the German Imperial Institute. Between 800° and 3000° C. 
these results can be expressed by 


or 


= 12*525 + 2*75 
== 0*284 + 0*0625 


i-800 

1000 

t-SOO 


1000 


* Holborn, Scheel, and Henning, Wdrmetahellen d. Physik-Teckn. Reichmnstalt, 
■j* Annalen d. Physik (1907), Bd. 22. (Phys.-Tech. Beichsanst.) 

+ Z.V.dJ. (1903), No. 18. 

§ Phys, Zeit, (1913), page 973. 



54 


TECHNICAL THERMODYNAMICS 


MEAN" AND TRUE SPECIFIC HEAT VALUES FOR CARBON 
DIOXIDE AT CONSTANT PRESSURE 


C. 0 100 200 

0-197 0-209 0-219 
0-197 0-220 0-237 
y 1-297 1*258 1-235 

t 1200 1400 1600 

0-267 0-274 0-280 

0- 309 0-322 0-335 

1- 170 M63 1-155 


300 400 500 600 

0- 227 0-234 0-240 0-245 
0*251 0-260 0*267 0-272 

1- 219 1-210 1-203 1-198 
1800 2000 2200 2400 
0-287 0-293 0*300 0-307 

0- 347 0-360 0-372 0-385 

1- 150 1-143 1-137 1-132 


700 800 900 1000 

0- 249 0-252 0-256 0*260 
0*279 0-284 0-290 0-297 

1- 193 1-188 1-184 1-179 
2600 2800 3000 
0-314 0-320 0-326 
0-397 0*410 0-422 
1*127 1-123 1-118 



Fig, 20 


Steam (gaseous). Steam can also be regarded as a gas, if it be 
sufficiently remote from the saturation state. This occurs in the case of 
the steam in flue gases, or in internal combustion engines, where, as a 
constituent, it exerts a low pressure and may have a temperature as high 
as 2000° C. At a pressure of one atmosphere and temperature of a few 
hundred degrees Centigrade, it behaves almost exactly as a gas. It may 
also be regarded as a gas at temperatures well below 100° C. when it 
exerts a very low pressure (for example, as vapour in moist air). Its 
specific heats and can, under these conditions, be regarded as 
dependent on the temperature, but not on the pressure. In Fig. 20, the 
values of as given by the Munich* tests, have been plotted for gauge 
pressures of 0, 14*2 and 85, 170, 425 and 1700 Ib./tn.^ The values for 
the latter group are very high, owing to the close proximity of the steam 
to the saturated state. 

* Knoblauch, Raisch, and Hausen, Tabellen und Diagramine fur Wasserdampf 
(1923) . 
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Calorimetric tests, on steam at 1 atmosphere and between 110° C. and 
1350° C., were carried out by Holborn and Henning, in the same way as 
described above for CO2 and N2. Their results, as found in the heat tables of 
the German Technical Physical Institute (Holborn, Scheel, and Heuse), 
have also been plotted in Fig. 20, At the higher temperatures, between 
1400° and 2700° 0., the specific heats were determined by explosion 
tests with hydrogen and oxygen mixtures. The first tests of this nature 
were carried out by Mallard and Le Chatelier (1883) with a cylindrical 
bomb, but spherical bombs were used in the later tests by A. Langen."^ 



Numerous explosion tests have been carried out (mostly in the Neriist 
Laboratories) by Pier (1909), Bjerrum (1912), Siegel fl914), K. Wohl 
(1924), and K. Wohl and G. v. Elbe (1929). The work of these investi- 
gators has been of use, not only in determining the specific heats of 
steam, but also in connection with dissociation. In these tests, the mean 
specific heats at constant volume, between the temperature before 
ignition (10 to 20° C.) and the maximum temperature of combustion, 
have been determined. In Fig. 21 the mean molecular specific heats 
(G^)^ found recently by K. Wohl, as well as the earlier results due to 
Pier, have been plotted. Wohl’s curve below 550° C. has been plotted 
from the results of the Munich tests, and, above, from the results of his 
energy values obtained by optical measurement (page 133). The results 
obtained by the author, from a comprehensive survey of a large number 
of explosion tests, are also shown. The lower portion of the curve is 
supplied by Holborn’s and Henning’s readings. This curve (marked Sch.) 
agrees closely with the test results and with Wohl’s curve between 
1800° C. and 2100° C., but above this, its slope, like that of Pier’s, is 
considerably steeper. The cause of this deviation is probably due to 
dissociation of some of the HgO to OH and J H25 the effect of which 

* Foriich. Arb., Heft. 8, 190S. 
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causes an apparent increase in the specific heat. Since the determination 
of this dissociation is involved, it is preferable to use the steeper curve 
for which this efiect (which can also occur with excess O 2 ) is included. 


MEAN AND TRUE SPECIFIC HEATS OF HICHLY SUPERHEATED 
STEAM AT CONSTANT PRESSURE* 

0 100 200 300 400 500 600 700 800 900 1000 

0*453 0*459 0*463 0*468 0*471 0*476 0*480 0*485 0*489 0*493 0*499 

0*453 0*462 0*471 0*481 0*490 0*499 0*508 0*517 0*527 0*537 0*550 

y 1*322 1*314 1*306 1*298 1*290 1*284 1*277 1*271 1*264 1*258 1*251 

«°C. 1100 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 

0*503 0*508 0*520 0*538 0*559 0*583 0*606 0*632 0*659 0*685 0*710 

0*564 0*581 0*632 0*695 0*758 0*823 0*886 0*948 1*012 1*073 1*135 

1*243 1*234 1*211 M89 1*170 1*154 1*142 1*131 1*122 M14 1*107 


See the later chapters on vapours regarding the specific heats of 
steam in the saturation region and at high pressures. 
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I 

f Ethylene) 
(Acetylene)\ 


C/f. 


Methane (CH^). By measure- 
ment y = 1*316 and 1*313 (be- 
tween 11°C. and 30° C.), which 
gives 


1 .OQp; 


= 6*32 




This is considerably higher 
^(Methane) than that of the diatomic gases 
(4*9). With the molecular weight 
16*032 we have 

= 0-394 and c 


/dumber of Atoms . 
Fig. 22 


= 0-518 

The value of between 
18° C. and 208° C., as given by 
test, is 0-593. This indicates a 
considerable rise in with tem- 
perature, but the two values are 
insufficient to determine the rela- 
tion between and t with anv 


certainty. 

Ethylene (C 2 H 4 ). The measured value of y between 0° and 40° C. is 
1*244 and of (c^)^ between 10° and 202° C., 0*404. 

From y we have 1 qof- 

0-244 

SO that with m = 28*032 


= 0*290 and = 0-361 

Comparing (c^)^ with again shows an increase in with tem- 
perature. 

Acetylene (02H2)* measured value of y is 1*26, hence 

1*985 

= 7-64 and with m = 26-016 
= 0-294 and = 0-370 

* From W. Schiile's Neue Tahellm. Wohl’s values are given, on page 135. 
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A general survey of these results, as shown in Fig. 22, shows that 
the molecular specific heat of a gas increases as the number of atoms in 
the molecule of the gas increases. There is, however, no general law 
regarding this, and the specific heats depend on other conditions as well 
as the number of atoms. See also p, 131, 

SPECIFIC HEATS OF THE PRODUCTS OP COMBUSTION 

When the combustion of a fuel with air is complete, the products 
formed consist of a mixture of carbon dioxide, steam, nitrogen, and 
oxygen. The oxygen, however, is absent when combustion occurs without 
excess air. The analysis of the products is usually given by volume, 

‘^COg “1" ■^H20 "b %2 “ 1 • • • * (^3) 

Now since in 1 mol. = m lb. giving 359 ft.^ of products, there are 
Wcog ^002 oaLvhoii dioxide, lb. of steam, etc., it follows that 

in heating 1 mol. of products through PC., 

7nc^ = (mc^)co2 + + [^n2 + • (94) 

In this the value of molecular weight of the products m is given by 
m = 441^002 + + ^8*08%^ + 32vo^ . . (95) 

The molecular specific heats (^^ 2 >)h 205 {'^^p)diat. found 

from page 53 et seq., and inserting these in equation (94) gives the mole- 
cular specific heat of products having any given analysis. Equation (94) 
serves also for the mean specific heat. 

For a given fuel the specific heat of the products formed will depend 
on the amount of excess air supplied. Since the molecular specific heats 
of CO 2 and HgO are higher than that of air, it follows that the molecular 
specific heat of the products is greatest when no excess air is supplied. 
As the quantity of excess air is increased, the value of mc^ approaches 
that for diatomic gases. As shown in Fig. 23, the straight line for the 
diatomic gases forms a lower limit for all products, while the upper limit 
is given by the pure products (i.e. the products formed without excess 
air) corresponding to the fuel under consideration. 

In this figure, the curves of the mean molecular specific heats, formed 
by the combustion of the more important fuels, have been plotted to a 
base of temperatures. These fuels and the analyses of the pure products 
formed in burning them are given in the following table — 


1. Carbon 

^coo — 0*21 


IV - 0*79 

in = 31*4 

2. Bituminous coal . 

0-17 

„ 0-05 

„ 0*78 

„ 30*3 

3. Lignite briquettes 

0*17 

„ 0*12 

„ 0*71 

„ 29*5 

4. Mineral oil and distillates 

„ 0*13 

„ 0-14 

„ 0*73 

28*7 

5. Illuminant gas 

0*10 

„ 0-25 

,, 0*65 

,, 27*2 

6. Producer gas from coal . 

„ 0*13 

„ 0-14 

0*73 

!! 28*7 

Producer gas from coke 

» 0*19 

0*06 

„ 0*75 

„ 30*5 

7. Blast furnace gas . 

0-24 

„ 0-02 

„ 0*74 

„ 31*8 

8. 90% Spirit alcohol 

„ 0*12 

„ 0*20 

„ 0*68 

„ 28*0 


As shown in Fig. 23, the curves for aU the pure products are in close 
proximity to one another over the entire range from 0° to 2300° C., and 
deviate but slightly from the mean straight line drawn through them.* 

* The deviation at 400° C. is about d: 0*05 units in 7*8, and at 1500° C. about 
0*08 units in 8-5, or about d: 0*6 to 1%. The blast furnace gas curve (not plotted 
in Fig. 23) shows the somewhat greater deviation of 0*2 units in 8*5, or 2'4%. 
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This mean line gives the relation 


= == 


2 X 0-6625 
or 

• (96) 

and, at constant volume, 


0-66^ 

~ 5*51 -f* 20^ 

• (97) 



Products with excess air. When a fuel, of known composition, is 
burned with excess air, the value of mc^ is found (in the same way as 
with no excess air) from eq[uation (94), since only oxygen and nitrogen 
are added to the products. 

Assuming that, in Fig. 23, a common line serves for the pure products 
of all fuels, then common lines will also serve for the products with 
excess air. 


Cp/Cz 
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Thus, if Vg^ is the fractional volume of the products, and that 
of the air, or 

= 1 

then mc^ = ■ • ■ (98) 

or mcj, = 

The quantity in the square brackets is the vertical distance between 
the pure products line and the pure air line (in Fig. 23), so that if this 
distance be multiplied by the fractional air volume the resulting 
product gives the distance of a point on the excess air curve from the 
pure products curve. 

The relation between the excess air factor n and the fractional volume 

is found as follows — 

The volume of excess air in the products of combustion per ib. (or, 
in the case of gases, per ft.^) of fuel is 

Fg = (71 — 1 ) 

If now the volume of the pure products is Vg^, the total volume of 
products and excess air is 


so that 


(u 1 ) A^^^^ 


(99) 


which gives . (100) 

Such fuels as bituminous coal, mineral oil, distillates, and spirit 
alcohol give values of Vg^ differing but slightly from so that, for 

these fuels, 

n = I -\- ovVg ^ ^ * * • (191) 

In the case of gaseous fuels, however, Vg^ is considerably greater than 
A^i^ and per ft.^ of fuel is given by 

= 1 + A^in + 

where AF represents the change in volume due to combustion (page 26). 


Hence 


If, for example. 


= 1 (power gas) then 


F, 






so that equation (101) is not valid and equation (100) must be used. 

V 

Hence, in these cases, the relation between n and ~ or depends on 

Y 

the particular fuel used, since depends on these fuels. Thus, the value 

Y ■^win 

of is, for bituminous coal, 1-03; for mineral oil distillates, 1-07 ; for 
A 
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illuminating gas, 1-13; for producer gas, 1'815; and for blast furnace 

V 

gas, 2*24. As shown by equation (100), is a linear function of — 

and has been plotted, for various fuels, in the small auxiliary diagram 
of Chart I. For a given value of n, the value of v^, is read on the abscissa 
scale. 

The true molecular specific heats, found from the mean pure products 
line, are 


and 


= 5-51 + 


while their ratio 




1 + 


1-985 


The following are obtained for 

t ^ 0 500 1000 

y = 1-360 1-322 1-291 

and. approximately, 


or 


y = 1-365- 


0-55 

10000 

0-55 


1500 2000° C. 

1-265 1-244 


CALORIFIC VALUE OF FUELS 

Heat used in technical processes (and particularly in those processes 
used for the production of power) is obtained by means of the com- 
bustion of a fuel. Due to the chemical combination of oxygen with the 
carbon, carbon monoxide, hydrogen, and hydrocarbons contained in fuels, 
considerable quantities of energy, in the form of heat, are liberated. The 
term “ calorific value ” is used to denote the number of heat units which 
are liberated by the combustion of 1 lb. of a simple or compound fuel or 
of 1 ft.^ of a gaseous fuel. 

In chemistry, the term “heat tone ’’ denotes the sum of the free and 
bound energies involved in any chemical reaction between two substances 
or in the chemical (i.e. molecular) change in a substance. The heat of 
combustion or calorific value is a special case of heat tone. 

The determination of the calorific value of gaseous and easily vaporized 
fuels can be effected in free air, i.e. at constant atmospheric pressure. 
The heat absorbed by the products of combustion can be entirely removed 
by cooling water. The Junker calorimeter is designed on this principle 
and consists essentially of a tubular cooler, from which the exhaust gases 
leave at the room temperature. The heat developed (i.e. the heat of 
combustion) is determined from the amount, and temperature rise, of 
the water flowing continuously through the vessel. 

This means cannot be adopted, however, in the case of solid fuels. 
For these, burning is accomplished in a closed, stout- walled vessel, called 
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a bomb calorimeter. Since solid fuels are more difficult to burn than 
gases or vapours (wben the surroundings are cold), it is found necessary 
to supply pure oxygen, and not air, for combustion. On account of the 
small volume of the bomb, compressed oxygen is used. 

The calorific values, determined at constant pressure and at constant 
volume, wiU not be the same for a given fuel, unless the combustion 
occurs without change in volume. The difference in the calorific values 
is found by considering the work done by the pressure, due to a change 
in volume AF, when the fuel is burned under constant pressure condi- 
tions, i.e. at atmospheric pressure in the case of the Junker calorimeter. 
The work done by the air is 144 X 14'7 AF ft. lb., which in heat units is 


144 X 14*7 AF 
1400 


1*512 AFC.H.U. 


This quantity of heat does not appear in the case of combustion at 
constant volume. 

The difference is relatively small. Thus, in the combustion of 2 ft.^ 
of carbon monoxide, a reduction in volume of 1 ft.^ occurs, so that the 
difference in the calorific values per 2ft.^ of fuel is 1*512 C.H.U. The 
calorific value of 1 ft.^ of CO is 190 C.H.U./ft.^, and hence the difference 
is only 

1-512x100 

^ 0*4 

9u X 

which is negligible. 

The amount of moisture contained originally in the air and fuel has 
an effect on the calorific value, as determined by a calorimeter, since the 
steam formed by combustion will only be completely condensed if the 
cooled products are saturated with water vapour independently of this 
steam.* 

Higher and lower calorific value. This difference only occurs in the 
case of fuels containing hydrogen and moisture, i.e. when steam is formed 
during combustion. This steam is first reduced to the saturated state 
and then condensed to water in being cooled to the initial temperature in 
the calorimeter, so that it gives up its superheat, latent heat, and part of 
its sensible heat to the cooling water of the calorimeter. 

The calorific value thus determined is known as the “ higher ’’ calorific 
value. In the useful application of combustion heat, however, as, for 
example, in furnaces and internal combustion engines, the hot products 
are never cooled down to room temperature, so that the H 2 O, formed by 
combustion, is found as vapour, and only in extreme cases as dry saturated 
vapour. Normally the steam is highly superheated, and hence it never 
gives up its latent nor sensible heat. There is no question, therefore, of 
being able to use this heat in steam boilers or in internal combustion 
engines. 

If the higher calorific value, which is independent of the amount of 
moisture contained in a fuel, be used to determine the efficiency of a 
boiler, the result obtained is an unfair estimate of the boiler performance. 
If moist fuel is stoked, the sensible and latent heats are, in all cases, 

* Begardiiig this, see Gluchauf (1929). W. Wunsch, “Die Bestimmung der 
Verbrenniingswamie mit dem Junkers Calorimeter.” 
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retained and carried away by the steam, the fault of which is due, not 
to the boiler, but to the fuel. It is only by neglecting this heat that a 
proper estimate can be made of the boiler performance. 

The useful or “ lower ’’ calorific value is thus obtained by subtracting 
the sum of the total heats of the steam formed by the moisture and 
hydrogen in the original fuel from the higher calorific value. This sum 
amounts to about 600 C.H.U./lb., reckoned from an initial temperature 
of 20° C. Hence if lb. of steam are formed per pound of fuel, the lower 
calorific value is 


In the Junker calorimeter the water vapour in the products is con- 
densed and collected, so that both the lower and higher calorific values 
can be found. 

In the combustion of 1 lb. of hydrogen, 9 lb. of water are formed, 
having a total heat of 9 X 600 = 5400 C.H.U. Now the higher calorific 
value of hydrogen is 34,200 C.H.U./lb., so that the lower calorific value is 

H^ = 34200 - 5400 = 28,800 C.H.U./lb. 

Hence, in the case of illuminating gas, which contains a large amount 
of hydrogen, the difierence between the lower and higher calorific values 
is considerable. Thus the values given by a Junker calorimeter test, for 
a particular illuminating gas, were 

Hh = 338 C.H.U./ft.3 at S.T.P. 
and H,. = 302 C.H.U./ft.s at S.T.P. 

For bituminous coals, the lower calorific value is about 300 C.H.U. 
per pound of coal less than the higher. 

The following general expression holds for solid fuels, 

- Hx. = 9 X 600 X H + 600 H^O = 600 (9H + H.O) 

where H and HgO are the proportional weights of hydrogen and moisture 
in 1 lb. of the fuel. 

Bituminous coal, lignite, peat, and wood can contain widely different 
quantities of moisture (expressed as, say, lb. of moisture per pound of 
moist fuel). The analysis and calorific value of these fuels is usually 
given for the moisture free state, but, as actually used, they always 
contain a certain amount of moisture, even though they may be air dried. 
If Hq is the lower calorific value of moisture-free fuel, the lower calorific 
value with lb. of moisture is 

Sr. = [(1 - W^) H, ~ 6002^^)] C.H.U./lb. 

since 11 b. of fuel contains (l--^^;^)lb. of dry material and mlb. of 
moisture. 

Calorific values of gas mixtures. If the proportions by weight or by 
volume of the constituents (CO, Hg, CH 4 , etc.) of a fuel gas mixture be 
known, its calorific value can be determined by taking the sum of the 
calorific values of the constituents measured according to their fractional 

* See Mitteil. am d. KgL MaUrialprufungsamt zu Berlin-Lichterfelde (1914) ; 
Verfahren und Ergebnisse der Priljung von Brennstoffen, I. u. II. 
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proportions. The direct determination, by means of the Junker calori- 
meter, is, however, simpler than that of the gas analysis. 

Calorific value from the fuel composition. For bituminous coal, the 
calorific value is given approximately by the sum of the calorific values 
of the combustible constituents, multiplied by their proportional weights. 
The fraction of hydrogen, which is united with oxygen, has, however, to 
be deducted from the proportional weight of hydrogen in the fuel. This 
gives'^ 

= 8100 G + 29000 ^ 2500*5' - 

where 0, H, 0, S, and are the proportions by weight of the constituents 
in 1 lb. of the fuel = weight of moisture). 


CALORIFIC VALUES OF FUELS 



H 

H 

H 

L 

Fuel 

C.H.U./lb. 

C.H.U. 

C.H.U./lb. 

C.H.U. 


1 ft.3 at S.T.P. 

1 ft.3 at S.T.P. 

Carbon (C). 

8,080 

_ 





Carbon monoxide (CO) 

2,440 

190 

— 

— 

Hydrogen (Hg) . 

34,200 

192 

28,800 

160 

Marsh gas (CH4) 

13,240 

590 

11,910 

530 

Town gas (I) 

— 

280 

— 

250 

Coal gas 

— 

260-310 

— 

224-280 

Power gas . 

— 

— 

— 

74 

Blast furnace gas 



— 

— 

47-60 

Acetylene . 

12,000 

700 

11,600 

765 

Paraffin 

— 

— 

10,500 

— 

Gas oil . 

— 

— 

9,800-10,150 

— 

Petrol 

— 

— 

10,500 

— 

Alcohol 

7,184 

— 

6,480 

— 

Bituminous coal (t) 

— 

— 

6,800-7,700 

— 

Coke 

— 

' 

6,900 

— 

Lignite(J:). 

— 

— 

4,500-5,000 

— 

Lignite briquettes (t) . 

— 

— 

4,800-5,100 

— 

Peat (t) . 

— 

— 

3,600-4,600 

— 

Wood 

— 

— 

4,500 


Naphthalene 

9,700 

— 

9,370 

— 

Benzene 

10,000 

— 

9,590 

— 

Lignite tar oil 

— 

— 

9,000-9,800 

— 

Bituminous coal tar oil 

— 

— 

8,800-9,200 

— 

Crude tar . 

— 

— 

8,000-8,800 

— 


* A considerable amount of discussion lias arisen over the accuracy and validity 
of this and similar equations. It gives, of course, a measure of the possible calorific 
value, but the calorimeter still offers the most reliable method of finding calorific 
values. 

t Town gas, as now supplied, is a distilled gas mixed with water gas. 
t The calorific values of these natural fuels show considerable variations, accord- 
ing to their origin and ash and moisture content. The usually accepted values 
(and given above) refer to the air dried state, in which the amounts of moisture by 
weight are 2 to 5 per cent for coal and 10 to 14 per cent for lignite briquettes. The 
weights of ash are about 5 to 12 per cent for coal, 5 to 20 per cent for lignite, and 6 
to 10 per cent for lignite briquettes. The calorific value can also be given for pure 
coal, i.e. per unit weight of combustible material freed from ash and moisture. 
The usual values of these are 7950 C.H.U./lb. for bituminous coal, 6050 C.H.U./lb. 
for lignite, and 5200 C.H.U./lb. for peat. 
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Calorific value oi air fuel mixtures. If the volume of air supplied per 
ft.^ of fuel gas is nA^ ft.^, the lower calorific value of the mixture is 

It is this value, rather than Hj^, which determines the available energy 
of the charge of an internal combustion engine. 

Thus, with the excess air factor n = I, the maximum H^ values for 
diSerent fuels are as follows — 

CO Ho CHg Ilium. Gas Power Gas Blast Furnace Gas 

With excess air H^ becomes correspondingly smaller. 

The heat of combustion per ft.^ at S.T.P. of the products is greater 

than the above values in the ratio of - (page 43), since the volume of the 
products at S.T.P. is a times that of the unburned mixture. 

TOTAL HEAT AND INTERNAL ENERGY OF GASES AND 
PRODUCTS OP COMBUSTION (Heat Chart) 

The quantity of heat which has to be supplied to unit mass of a gas 
in raising its temperature from 0° to f C., while the pressure is kept 
constant, is called the ‘‘ total heat ” H of the gas. If, in place of the 
pressure, the volume be kept constant, the corresponding heat is called 
the internal energy ’’ I of the gas. 

. Hence, for 1 lb. of the gas, 

H = c,J ( 102 ) 

and I = ...... (103) 

If the values of H and I are plotted as abscissae against t as ordinates, 
straight lines are obtained, provided and are independent of 
temperature. This is only true, however, in the case of monatomic gases. 
For diatomic gases there is a considerable increase in the values of 
and at high temperatures, so that their total heats and internal 
energies are represented by curves having the concave sides facing the 
H and 1 axes. The curvature is still more marked in the case of the 
polyatomic gas carbon dioxide. It should be noted in the case of steam, 
for pressures below 14*7 Ib./in.^ abs., the steam is condensed at some 
temperature below 100° C. The H and I curves can, however, be con- 
tinued down to 0° C., if the pressures at the lower temperatures be 
assumed to be so small that the water vapour can be regarded as a gas. 
In this sense, equations (102) and (103) represent the total heat and 
internal energy, reckoned from water vapour at 0° C. 

Since the values of and are widely different for different gases 
(including the diatomics), each gas has its own particular H and I curve. 
In the case of the important diatomic gases, however, the conditions can 
be simpMed, since the mean molecular specific heats of these gases 
^ 2 , CO, and air) are nearly the same, even at high temperatures, 
although an exact equality is impossible, according to the latest physical 
deductions. Hence, if the unit weight chosen is the mol. (i.e. mlb., 
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where m is the molecular weight of the gas), one U line and one 1 line 
serve for all the diatomics. The same simplification can be adopted if 
the mass of 1 ft.^ at S.T.P. be chosen as the unit, since these masses are 
proportional to the molecular weights. The specific heats referred to 
this mass are then 

n 

= ggg 

and ^ 

and these are the same for all diatomic gases, so that the values given by 

H' - C\J 

and r = C\J 

are also the same for all diatomics. 

In addition, a simple relationship can be established between H' and 
r from the relationship established on page 48 connecting and 


Since 


= ^vm "b 1*985 


it follows that 
or 


359 359 ' 359 

H' r ■+• 0-00554^ 


Hence, if the values of 0*00554^ be plotted as abscissae against t as 
ordinates, the result gives a straight line, passing through the origin, and 
the values of I are given by the horizontal intercepts between this line 
and the H curve. The heat chart (given in the pocket at the end of the 
book), marked Chart I, has been constructed in this way. The curves 
for CO 2 and HgO are also added. 

The chart also enables the total heat and internal energy of any gas 
mixture, consisting of diatomics, COg and HgO, to be determined. Thus, 
if the analysis of the mixture is 

CO., Oo N. 

10“ s'' 72 lb % by volume 

the total heat per ft.^ at S.T.P. is 

H = 0-10i?eo, + (0*08 

so that the H curve for this flue gas is obtained by taking 10 per cent of 
the total heat of the COg, 80 per cent of the total heat of the diatomics, 
and 10 per cent of the total heat of the steam from the diagram and 
summing. 

Common curves for pure and air-diluted products. As shown in the 
previous section, the differences between the mean molecular specific 
heats of the products formed from different fuels is small, so that, in 
most cases, it is sufficiently accurate to assume a mean curve of molecular 
specific heats for pure products. This enables a common curve of total 
heat to be drawn which suits all products formed with the theoretical 

6— .{5714) 
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minim um am supply. Hence, using the value of specific heat given in 
equation (96), the value of H is given by 



H = 

(7-5 + 

0-66A 

1000 j 

1 ~ C.H.U/ft.3 at S.T.P. 
ooy 

From this at 


\ 

/ 


t ~ 

0 

500 

1000 

1500 2000 °C. 

H = 

0 

10-9 

22*8 

35-6 49-2 C.H.U./ft.s 


Compared with this, the theoretical products from carbon, having 
the analysis COg = 21 per cent, Og = 0, and N 2 = 79 per cent, give 
H = 0 10*88 22*9 35*7 49-1 


for the same temperatures, so that, for practical purposes, the deviations 
may be neglected, particularly in view of the uncertainty regarding the 
basic specific heat values. 

This mean line for H has been plotted in Chart I. The lines for the 
products with excess air lie between this line and the line for pure aii*, 
and approach the latter as the excess air is increased. 

When the fractional volumes of excess air in the products are 

= 0*1, 0-2, 0*3 .. . 0-9, 1-0 


the corresponding H values are found by dividing the horizontal intercepts 
between the pure air and pure products curves into 10 equal parts and 
joining up the same division points. This method was adopted in drawing 
the dotted curves on the chart so that the total heat of the products of 
any fuel having a particular value may be found. The relation 
between the excess air factor n and is given by equation (100), 


n == 1 -f- 


~ '^aj ^min 


Hence 7i is a linear function of is represented in the auxiliary 

diagram on the chart. The base, however, is marked in values of y^, so 
that the relation between and n is read directly. 

Amount of combustion heat developed in the products. In any com- 
bustion process the heat developed depends on the combustion heat per 
unit mass of the products produced. Here again, it is preferable to use, 
as the unit of mass, 1 mol. or 1 ft.^ at S.T.P. rather than 1 lb. 

If, in the combustion of 1 ft.^ of a gaseous fuel, having a calorific 
(lower) value Hj^, the volume of the products formed is Vg ft.^ at S.T.P. , 
the heat contained in 1 ft.^ of the products is 



The same equation holds for liquid and solid fuels, if Vg represents 
the volume at S.T.P. of products formed in burning 1 lb. of fuel having 
the lower calorffic value Hj^ C.H.U./lb. 

Qg, has its greatest value when combustion occurs with the theoretical 
air supply because Vg has then its smallest value Vg^. In this case 
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If, however, the air supply is n times greater, then 


and 


Va 

Qp 




Hr. 


Ko + (n-i)A. 


K. 


1 


1 + (w-i)' 




As shown on page 28, the values of and can be calculated 
for a fuel of known composition, and a list of these values is given 

H 

below. Along with these^ the values of for — 1 are shown. 

The greatest development of heat per unit quantity of products is 
obtained from acetylene and carbon monoxide and the least from blast 
furnace gas. 


TABLE OF THERMAL CONCENTRATIONS 


Fuel 

4 

^.0 

ft.® 

Sl 

C.H.U. 

C.H.U./ft.® 

4 

Acetylene . 

11-9 

12-4 

840 

67-8 

0-960 

Carbon monoxide 

2-38 

2-88 

190 

65-9 

0-825 

Water gas 

2-24 

2-78 

164 

59-0 

0-806 

Carbon 

U2-5 

142-5 

8,100 

56-8 

1-00 

Methane . 

9-52 

10-52 

590 

56-1 

0-904 

Benzene (CgHg). 

165 

171-0 

9,590 

56-1 

0-957 

Hydrogen 

2-38 

2-88 

160-5 

55-7 

0-827 

Coal 

136 

141-0 

7,500 

53-2 

0-966 

Lignite briquettes 

76-5 

85-5 

4,720 

55-3 

0-894 

Mineral oil distillates . 

186 

198-5 

10,500 

53-0 

0-936 

Coke oven gas . 

3-69 

4-38 

224 

51-4 

0-843 

Alcohol 

111 

126-5 

6,480 

51-2 

0-877 

Illuminant gas . 

5-57 

6-28 

312 

49-7 

0-889 

Generator gas from coke 

LOO 

1-83 

81 

44-2 

0-547 

Generator gas from lig- 






nite briquettes 

L22 

2-00 

85-1 

42-6 

0-610 

Blast furnace gas 

0*69 

1-55 

54'3 

35-0 

0-445 


In the above table the values of Vg^, and are per ft.^ of 

gaseous fuel and per lb. of liquid or solid fuel. 

As the excess air is increased, decreases. In Fig. 24 the values of 
<5^, for various fuels, have been plotted to a base of % values. For n = 2 
the value of for all the usual fuels, except blast furnace gas and 
carbon monoxide, lie within 26*5 and 31 C.H.U./ft.^, while the mean 
value is 28 C.H,IJ./ft.^ Hence the considerable differences which exist 
between the various fuels when burned with the theoretical minimum 
air disappear almost entirely when double this air is supplied. 

JS 

* -T— can be called the “thermal concentration” of the products, although in 
^90 

the above it has been called the “products heat.” The term “total heat of the 
prodiicts” is not so suitable, since this has been used in a different sense, as explained 
on page 64. 
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Dependence of combustion space and air supply on the calorific value. 

In the discussion above, and in Kg. 24, only a few characteristic examples 
of the coals, lignites, and oils have been considered. In addition to these, 
however, there are many others, of the same nature, distinguished mainly 
by their calorific values. In order to make a comprehensive survey of 



Fig. 24 

the fuels used in practice, Rosin* calculated the values of Vg^ and A^^^ 
for a large number of soM, liquid, and gaseous fuels, and plotted them 
to a base of calorific values The results, as shown in Fig. 26, are 

* Z.V,dJ. (1927), page 383, P. B-osin, “Das I.t. Diagramm der Feuergase und 
der Wirkmigsgrad von Ofen.” Also P. Rosin and R. Fehling, Das Id. Diagramm 
der Verbrennung. (Berlin, 1929.) 
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represented by straight lines in all the fuel groups, and can be expressed 
by the following equations — 

For solid fuels, 

= + 2640 ; A,,,, = , + 8-0 (ft.^ at S.T.P.) 

for oils, 

^^0 = 100 ^ ’ 
for weak gases, 

F = 

100 100 

and for rich gases. 


0-25; -0*25 (ft.^at S.T.P.) 



Even if the composition of a fuel is not known, therefore, these 
equations enable the minimum air volume and products volume to be 
determined for the fuel from its calorific value alone. If, further, the 
products heats are plotted to a base of Hj^ it will be found that a common 
line serves for each of the four fuel groups, so that this enables the products 
heat to be determined from the calorific value above when = L When 
71 is greater than 1 a common set of curves will again serve for all fuels 
in the same group. 

Combustion temperature (at constant pressure). The term '' com- 
bustion temperature ” means the temperature attained in complete un- 
cooled combination of a fuel with air. Its value, when other conditions 
remain the same, will depend on whether combustion is effected at 
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constant pressure (usually atmospheric) as in furnaces, or at constant 
volume, as in explosion processes. In this section the first case will be 
considered. 

For a given fuel and given initial temperature of the air-fuel mixture 
the combustion temperature wHL depend primarily on the excess air 
factor n. Its greatest value occurs with the theoretical minimum air 
supply, i.e. when n — 1, since the minimum amount of products has 
then to be heated. This case, however, cannot be considered here, as a 
considerable amount of dissociation of carbon dioxide and steam occurs 
with most fuels at these high temperatures,* and the calculations involved 
are beyond the scope of this text. 

With values of n equal to, or greater than, 1-5, however, the dissocia- 
tion effects can be neglected, so that the temperature is found merely 
from the specific heats of the constituents of the products or from their 
total heats. 

The amount of heat absorbed by the products is determined from the 
products heats per unit mass given on page 66. Here, again, it is prefer- 
able to express these heats per ft.^ at S.T.P. As shown below, for products 
containing steam, only the lower calorific value should be used. 

When the products are heated from to C., at constant pressure, 
the heat absorbed per ft.^ at S.T.P. is 


where is the mean specific heat between and C. This then gives 
~ = C (^1 “ *^o) • • • • • (104) 

If were independent of temperature, we could find from 

(105) 


Since, however, C'^^ is a function of temperature for ail products, 
equation (105) enables only an approximate value of to be found 
by assuming a possible value for C'^^, as given, say, by Fig. 23. A more- 
exact value would be found by using the expressions given on page 60 
for the mean specific heats of the products, and solving the resulting 
quadi'atie equation for t^. This method, however, is laborious, particularly 
smce, for every excess air factor, different values have to be inserted in 
the equation for C'^^, It is therefore preferable to use the following 
graphical method. 

The method is based on the equation 


The total heat line, corresponding to the analysis of the particular 
products dealt with, is first located on Chart I. This can be limited to 

* See, however, W. Schiile on combustion processes with dissociation, in his 
Neue Tabellen und Diagramme, 
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the curve between and a guessed higher temperature From this curve 

H 

(Fig. 26) is found by adding the distance to the abscissae at A, 


which lies on the curve at to give the abscissa of the point B, which is 
then at the required temperature Iq is the initial air temperature. 
If, due to preheating, the initial temperature is the value of t\ will 
only be correct if no dissociation occurs. With dissociation its value will 
be lowered as shown by the curves, since heat is absorbed by dissociation. 

Instead of determining the total heat curve for the particular products, 
the mean products curve for the excess air factor n, shown on the chart, 
may be used in finding The combustion temperatures for various 
fuels and various excess air factors, were found in this way from the 


H 


chart with the appropriate ^ values. These temperatures have been 


plotted to a base of n values in 
Fig. 27. The highest values (in the 
neighbourhood oin ~ 1) have been 
taken from the author’s Neiie 
Tabellen und Diagramme, because, 
except in the case of coke oven gas, 
a considerable amount of dissocia- 
tion occurs in this region. It will 
be seen that for n = 1-6 the values 
of ti, for all the fuels shown, do not 
vary more than d: 20° C. from the 
mean value of 1520° C. At tem- 
peratures above and below this, 
however, the deviations are greater. 

A considerable diference is found 
between the pure gases CO and Hg, 
the former values being, on the whole, considerably higher, and equal to 
^ 1875° C. n = 1*6. For coke oven gas at = 1-6 the temperature is 
only 1265° C. 

In the above, the lower calorific value has been used throughout. 
If the fuel contains hydrogen or moisture, the steam formed in the 
products is condensed to water during the cooling process. This con- 
densation commences at the temperature corresponding to the partial 
pressure of the water vapour in the products. The amount of heat 
required to condense all the water vapour in the products formed from 
1 lb. of fuel is about 600w^ C.H.U., where the sum of the weights of 
the combustion water and original moisture contained in 1 lb. of the fuel. 
The amount of latent heat contained in 1 ft.^ of products is accordingly 

If now the products with water vapour be cooled down to L° C. 

the quantities of heat given up are — 

1. Between t and t^, the heat {€ ^)' J, ~ {Cp ^)' J, ^ 

2. Between t, and <o the heat [1 - - {C 

3. During condensation, 600i4;^/Fj,. 

The sum of these is equal to where is the higher calorific 

value. 
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The equality gives 

{C'^^)t - B -j- [(0 yjs)nJ's "* (C' 2)^)m ^o] 

= ^ + A (107) 

since the lower calorific value Hj^== Hy_- 600w;,,,. The second term on 
the right can be determined, for a known fractional volume of water 
vapour in the products, by reading off the quantity in the square brackets 
between and Iq on Chart I. For example, taking the products at 



atmospheric pressure, and assuming the unusually high value q = 0-25 
the partial vapour pressure is 0-25 x 14*7 Ib./in.^ abs. = 3*65 Ib./in.^ abs., 
and the corresponding saturation temperature is 65° C. If now tQ = 20° C., 
the bracketed quantity is 1*0 C.H.U. and A = 1-0 X 0-25 = 0*25 C.H.U. 
This is negligible compared with the values 44-0 to 56*0 C.H.U.s given 
by the first term on the right of equation (107), so that equations (106) 
and (107) give practically the same results. If, however, account is to 


H 

be taken of the second term, has to be increased by A and the tem- 


perature determined with this value as before. 

Volume of the products and thermal concentration at the combustion 
temperature. The volume of the products at the combustion temperature 
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is of basic importance, since the combustion space, in which the products 
are burned, has to accommodate this volume. The volume at C. 
and jBlb./in.^ abs. is greater than the volume Vg^ at S.T.P. of ^the same 
mass, since their relation is expressed by 



If ^ = 14-7, 


(273 + h) 

L 273 


The heat contained in 1 ft. ^ of hot products is then 

n 273 

F,^(273” 

The values of have been calculated from this for various fuels and 
excess air factors by reading the temperatures given in Fig. 27. These 
values are shown to a base of n values in Fig. 28. With the ordinary 



fuels and ?^ = 1, the value of is about 6*24 C.H.U. ft.^ and decrease 
shghtly as n is increased. Thus, for = 1-5 the values range from 5-3 
to 5*5 C.H.U./ft.^, while at ^ = 2 the range is from 4-9 to 5 C.H.U. /ft.^ 
CO shows somewhat higher values throughout, while blast furnace gas 
shows lower values for n less than 1-6. 

Hence, when the initial temperature is 20° C., the heat contained in 
1 ft.^ of combustion chamber space is not more than 6-25 C.H.U. even 
in an intense fire. 

Combustion chamber volumes and rate of heat supply. The size of 
the combustion chamber depends on the volume of products developed 
in and discharged from it per unit of time. Every fuel requires a certain 
amount of time Z in forming the products and in effecting complete 
combustion. This is particularly noticeable in the case of the combustion 
of pulverized fuels, and in order to make room for the newly formed 
products the previously developed products have to leave with a certain 
mean speed c. 

Now if w lb. of fuel are burned per second, and produce Vg^ ft.^ of 
products at the temperature the volume of products formed per 
second is and this volume has to flow through the mean cross 

sectional area A of the combustion chamber per second. 

Hence Ac == to Vgt^ 
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If the length of the combustion chamber, measured along the direction 
of flow, is If the time taken for a particle to travel through the chamber is 



c 


This time must be either equal to, or greater than, the time Zq neces- 
sary for the complete combustion of every fuel particle, or 


Z 

c 


- I 


With this and the equation given above, 

Al 

Al is (for a prismatic shaped combustion chamber) the volume of the 
combustion chamber, which can thus be determined if, in addition to 
w and the combustion time Zq is known. The method of finding 
has been given above. 

The heat contained in 1 ft.^ of products has also been calculated 
above, and has the value 


which, for any excess air factor, can be read off Fig. 28. 
This now gives 

V 


and hence -.4Z s rrf 

W 

If, in this, W is taken as 5-6 to 6*2, the value of Al can be found 
when Hj^, w, and Zq are known. 

Now, in this expression, wHj^ is the heat developed in the whole 
combustion space per second, so that the heat developed in 1 ft.® of 
combustion space per second is 

.4Z" Zo 

The corresponding quantity per hour is called the ‘‘ combustion 
chamber heat load,” and is given by 


0 

If, in this, W is taken as 5-6 to 6-1, corresponding to = 14 to 1*1, 
r 20000 , 22000 C.H.U. 

Values of combustion times The values of Z^^ are influenced by 
a considerable number of factors, which can only be briefly mentioned 

* See Z.V.d,I. (1927), pages 411-4X8, Allaer, ‘Werbreimungsgeschwindigkeit 
und Gasgleichgewicht.’" 
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here, and vary between a few seconds (for coal dust) and small fractions 
of a second (for gases). In Fig. 29 the relation between Zq and the size 
of coal dust particles* is shown. With = 1 sec., ig = 20,000 to 
22,000 C.H.U./ft.^ hr. 

For a given size of particle, however, the combustion chamber heat 
loads are considerably increased when the air-dust mixture is in a tur- 
bulent state. Thus in the A.E.G.t pulverized coal locomotive values of 
ijj up to 125,000 were obtained, which corresponds to Zq ~ 0T6 sec. 



0 Q*0Z Q,iO 0^20 

Size of Dus f Panflcle mm, 

Fig. 29 


The combustion chamber heat load is also increased by the absorption 
of heat at the combustion chamber walls, since the mean temperature of 
the products is thereby reduced, with a consequent reduction in their 
volume. 

With oil firing, combustion chamber heat loads of about 1,000,000 
C.H.U./ft.^ hr. are obtained, and, with gas firing, about 1,250,000 
C.H.U./ft.^ hr., which corresponds to a value of Zq of less than 0-015 sec. 

Heat lost in flue or exhaust gases. In boilers or internal combustion 
engines some of the combustion heat of the fuel is always carried away 
by the flue or exhaust gases. A simple and sufficiently accurate method 
of determining this heat loss, expressed as a fraction of the calorific value 
of the fuel, is as follows. 

Within the temperature region 0° to 400° C., which covers the present 
case, the mean molecular specific heat of pure products increases from 
about 7*4 at 0° C.. to 7-7 at 400° C-, as shown in Fig. 23, so that for this 
region, 


= 7-4 + 


0*95 X t 


* Archil), der W armewirtschaft (1926), page 241, P. Rosin, “Eigenart der Braiin- 
kohlenstaubfeuerung.” According to page 245 (of this article), depends largely 
on the gas content of the coal. Fig. 29 (above) refers to a coal having 42*8% gas 
and 13% water content, i.e. 55-8% volatiles, and a maximum size of dust particle 
of 0-17 mm. A coal containing 20% gas content requires about three times as much 
time to burn. 
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For products with 50 per cent of air (i.e. n = 2), C^^ lies between 7*2 
and 745, corresponding to 


These values, along with the corresponding total heat values, have 
been plotted in Fig. 30, from which it will be seen that the mean total 
heat line is practically straight and can be expressed by 

H = l‘6t (per moL) 

or H — = 0*0212^ (per ft.^ at S.T.P.) 



Hence for all products, with or without excess air, the total heat 
between tQ and t, where t is the exhaust temperature, is given, in this 
region, by 

Q = 0*0212 (i-g (108) 

If the lower calorific value is C.H.U./lb. or ft.^ and Vg is the 
volume of products formed per lb. or ft.^ of fuel, the initial total heat in 
1 ft. 3 of the products is 

The proportional heat carried away by the flue or exhaust gases is then 

0-0212(«-g 
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Since F, is given by 

F,= F,, 

L J 

in which Yg^ is the products volume without excess air, is the 

theoretical air supply and n the excess air factor, equation (109) can be 
written 

. (110) 



Excess Air Factor, n 
Fig. 31 


Now the total heat per ft.^ of pure products, is calculable for a 

fuel of known composition and calorific value. As showm on page 69, 
its numerical value does not vary greatly for the different types of fuel, 
and hence still less for the same type (such as the different kinds of coal), 
so that a mean value can be assumed. The same applies to the ratio 
^miJVgQ- III general, therefore, it is sufficiently accurate to determme 
the waste heat from equation (110) when the type of fuel, from which 
the products are formed, is known. The only quantities which have to 
be measured are the exhaust temperature (t), the initial air temperature 
(to), and the excess air (Fig. 8). 

The increase in the waste gas heat above that for pure products, 
which is represented by the expression in front of the square brackets in 

s 

equation (110), is proportional to %-l, so that if the values of 
(i.e. the waste heat loss per ° C.) are plotted to a base of {n - 1) or n, 
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a straight line is obtained for each fuel, as shown in Fig. 31 . The ordinates 
of this diagram, however, represent the waste heat losses as a percentage 
of the calorific values per 100° C. excess temperature of the leaving gases. 

If, for example, the temperature of the flue gases leaving a boiler is 
320° C., the air temperature 20° C., and the excess air factor n = 1-5, 
the waste heat loss per 100° C. temperature difference, from Fig. 31, is 
5*9 per cent, so that for 300° C. difference it is 3 X 5*9 = 17*7 per cent. 

The values of Vg^ and A^^^ can also be replaced by Rosin’s values for 
them given on page 69, so that — 

L For solid fuels. 


s 

t-L 


or, as a percentage, 
100^^ 


2. For oils, 
100^ 
t — tfi 


= 0-0212 Pj 

[m 


1-422 . 26-403 


100 




+ (’^-1) Tnn -I 


1-62 , 8 


100 ' //j, 

800 


= 0-0212 I 1-422 + + (n - 1) h-62 ^ 


= 0-0212 1-78 + (?i- 1) ( 1-36 


^00 Y 

H'rJ. 


3. For weak gases 
lOOi? 


t-t. 


0-0212 


4. For rich gases, 


l(X»s 
t- 1 


M6 + ^ + (’^-1) 1'^ 


25 


! l-8i 


- = 0-0212 1 1-82 + ^ + (w - 1) ( 1-74 


25 

, 


( 111 ) 


( 112 ) 


(113) 


(114) 


Each of these equations is represented, for different values of n, by a 

group of radial straight lines when the values are plotted to a 

base of Hj^ values. ^ 

Gas explosions. If a combustible air-gas mixture, at pressure 
and temperature iCg, contained in a closed pressure tight space of fixed 
volume, be ignited, a very rapid combustion results, which causes a rise 
in temperature from to (corresponding to the combustion heat 
developed), along with a rise in pressure from Pq to p. This process is 
known as a “ gas explosion.” If, in place of a gas, a liquid or solid fuel 
(which must be finely and uniformly mixed with the combustion air) is 
used, the resulting explosions are known as '' oil explosions ” or “ dust 
explosions” respectively, and are treated in the same way as gas 
explosions. 

So far as the changes in pressure and temperature are concerned, the 
simplest type of explosion occurs in a vessel of spherical shape with the 
ignition point placed at the centre. The flame is then propagated in the 
form of a continuously increasing fire ball from the centre until it reaches 
the walls. At this instant the combustion is completed and the maximum 
pressure p^ attained. The combustion temperature will only be uniform 
throughout if, at every point during combustion, thorough mixing of the 
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pi’oducts occurs, otherwise the temperature at the core is higher than at 
the boundary and decreases continuously from the centre outwards. In 
this section it will be assumed that the temperature is uniform through- 
out and that no heat escapes from the gases to the walls until after the 
combustion is completed. It will also be assumed that sufficient oxygen 
is present in the original mixture for the complete combustion of the 
fuel. 

The heating of the gases from to is effected by the heat liberated 
during combustion, and the result is the same as would occur with a 
supply of the same quantity of heat from without in raising the products 
from the initial temperature L to the final temperature t, at constant 
volume. 

The amount of heat contained in 1 ft.^ of products (at S.T.P.) is, as 
shown on page 66, 



where is the lower calorific value (see page 71) and Yg is the volume 
in ft.^ at S.T.P. of the products per ft.^ of gaseous fuel or per lb. of solid 
or liquid fuel. 

Hence, if is the mean specific heat per ft.^ at S.T.P. of the 
products, 

= (115) 


If is considerably higher than 0° C., as occurs, for example, in gas 
or oil engines at the beginning of combustion, it is preferable to take 






(116) 


in which and are the mean specific heats between 0^’ C. and 

C. and 0° C. and C. respectively. The specific heat used in equation 
(115) is the mean specific heat between % and and, as such, has first to 
be determined. 

If (7'^„j,were independent of temperature, q could be found simply 
from 


or, for the second case, from 





Since, however, is, for products, actually a function of tempera- 
ture, these give only approximate values for By repeating these 
approximate calculations, however, which are simplified by the use of 
Fig. 23, the exact values can be determined. 

Example 3. The value of HJVg for most products with n = 2 (Le. 
double the theoretical air supply) is about 28 C.H.U./ft.^ at S.T.P. Find 
the explosion temperature if the initial temperature is = 20° C. 
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Choosing first h ~ = 1500“ C. gives, from Fig. 23, 




8-0, so that C~ 


8 - 1-985 --= 6 and 


C vm ggg 


0-00167 


28 


- = 1680“ C. 


0-00167 

From Pig. 23, the value of C^,^ corresponding to 1680° C. is 8-1, 
giving C, =8-1-1-99 = 6-11 

and C\, 


from which 


611 

359 

28 


0-001702 


= 0-001702 
= 1646° C. 


From this, Fig. 23 gives = 8-09, 
so that 

. . 28 


6-10, and = 0-001701, 


By a similar calculation at constant pressure t -tQ= 1300° C. The 
ratio of the temperature increase at constant volume to that at constant 
pressure is thus 


1648 

1300 


1-265 


This ratio is expressed in general by 
~~ ^0 

^ V7n 

in which and 0^^ correspond to the different temperatures and 

C 

so that their ratio is slightly smaller than the ratio y = — 


Along with the temperature rise there is, at the same time, a corre- 
sponding pressure rise which can be determined as follows — 

The characteristic equation, for the initial state, is 


and, for the final state, 
so that, by division, 

Pi ^ 

Po 

If the gas constants were the same for the unburned mixture and the 
products, then 
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Actually, however, 

R 


p 


if, 


depending on the nature of the fuel and the excess air factor n. 


Hence 


a 

Po 


T,<T, 


^ m 'Z m 


For gaseous fuels (page 27) 

F 


= ‘^0 


To>T, 


which gives ^ 

for generator gas from coke 

. , 0-69 

for coke oven gas 


products volume 
initial mixture volume 


0‘83 + 71 ^ _ 

a ~ - , — ~ 0*91o to 1 

I + n 


3-69^ 


for Hg and CO 
and for CH4 


a ~ 


1 + 3 • 69 ?^ 
0-5 + 2-38n 


1 + 2-3871 


0-935 to 1 
= 0-852 to 1 


1 


In the case of solid and hquid fuels the number 1 is absent from the 
denominator of the expression for a, so that — 


for oils 

and for carbon 


With C and CH4, therefore, — is the same as and for the other 

Po Tq 

fuels the difference decreases as the supply of excess aii' is increased. 
If, further, the equation for — is wiitten in the form 


a = 1 + — = 1 to 1-069 

n 

a = 1-0 


Pi-Po 


T. 


Po 


or 


'El 

Po 


it win be recognized that the pressure ratio corresponding to a given 

temperature rise, can have considerably different values, since it depends 
not only on \ ™ but also on the initial temperature + 273. 

Thus, with 1700 0° and a = 1, 


and with 


=1 + 

1700 


Vo 

To 


II 

0 

200 

500° C. 

= 293 

473 

773° C. abs. 

^ = 6-8 

4-6 

2-2 

Po 




7— (5714) 



82 


TECHNICAL THERMODYNAMICS 


The simplest method of determining the combustion temperature is 
by means of the energy chart. 

The internal energy values, found by means of the relation 



I = '^^CO./cOi ^’h20-^H20 "I" -!~ 02)-^N2 

(using the I values given in Chart I) are 
plotted as abscissae against temperatures as 
ordinates (Fig. 32). The point A is located 
at the initial temperature and the point B 
is such that its abscissa is greater than that 
oi A, by the amount HJV^. The ordinate 
of B then gives the required temperature 
This follows since 


As in the case of combustion at con- 


Fig. 32 


stant pressure, the final state can show an 



Fig. 33 
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appreciable degree of dissociation, particularly with rich mixtures or with 
a high initial temperature With dissociation the energy curve deviates 
from the I curve, as shown in Fig, 32, so that a reduction in the com- 
bustion temperature results (i.e. < t{)^' The location of the curve 

AB' depends on the pressure as well as the temperature, and approaches 
AB as the pressure is increased. 

In the treatment given here for the determination of h a^iid pj, the 
effect of dissociation is not taken into account. In Fig. 33 the combustion 
temperatures attained by the burning of Hg at constant volume, and at 
an initial temperature of 17° C., are shown to a base of excess air factors n. 
These combustion temperatures were calculated in the manner explained 
above. The value for n = I, for which considerable dissociation occuis, 
was taken from the author’s Neue Tabellen. 

The values for the CO -air and methane-air 
mixtures were similarly determined and 
plotted in Fig. 33. 

In the case of products from ordinary 
fuels it is preferable to make use of Chart I 
as follows, A parallel line to OD (Fig. 34) 
is drawn through A (which is at the tem- 
perature level to) and the point B is located 
on the curve for the particular products 
considered, such that the horizontal dis- 
tance between the parallel line and the 
H 

curve is equal to — . The combustion 
^ a 

temperatures obtained on burning carbon, 
mineral oil distillate, coke oven gas, and blast furnace gas when = 0 ° C. 
and Po= I atmosphere were found in this way and plotted in Fig. 33. 

From these the pressure ratios PilPo can also be determined, and are 
plotted in Fig. 35 to a base of excess air factors. The initial temperatures 
lie between 17° and 20° C. and the initial pressure is = 1 atmosphere. 
If the initial pressure is increased, the explosion pressure is increased in 
the same ratio. In the dissociation region, the pressure ratios pJjjQt are 
increased as the initial pressures are increased, since, at these higher 
pressures, the degree of dissociation is decreased. 

See page 340 on the values of explosion temperatures and pressures 
with high initial temperatures and high initial pressures. 

Pressure and temperature of gaseous mixtures. Let similar or dis- 
similar gases, at the pressures Pi, P 21 ^.nd temperatures be 

contained in different vessels having the volumes V 2 , ft.^ 

The problem considered here is the determination of the pressure and 
temperature of the gases, when free communication is established between 
the vessels, so that complete mixing of the gases results in the common 
volume F, where 

V = Fi + Fa + F 3 

The internal energy per lb. of gas is equal to cj. If, during mixing, 
no external work is done by the gases, the internal energy of the mixture 

* See Schiile’s Neue Tabellen und Diagrammen for a fuller treatment of this case, 
f The pressuro ratios for n = 1 have been taken from the author’s N eue Tabellen* 



hio. 34 




84 


TECHNICAL THERMODYNAMICS 


is equal to the sum of the internal energies of the individual gases before 
mixing. If, therefore, the weights of the gases are giving 

the total weight 

w = W, + F'a 

then = WcJ 

from which the mixture temperature is 



But 
so that 
or, since, 


If C, = + If 

t = 

2 ^ = 273 + ^ 


Now, from the characteristic equation of gases, 


we have 


R, 


TML 


and similarly for R^ and Eg. 
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Hence 


T = 


IhJi S 

Ti R^^ T^R, +•■ 


(117) 


As shown on page 49, mc^ has the same value for all diatomic gases, 
while, as shown on page 12, mR is also equal for all gases. 

c c 

Hence, for diatomic gases and their mixtures, the quotients . . . 

are all equal, and the expression for T becomes 


With 

then 
and with 


rp ^ I + + • • > 

^ = W,R^ ..., etc. 

r ==' + + ■ • • 

W^R^ + + • • • 

WR == W-Jii + + * • • (page 14) 

rp „ Vl^l + + — ■ 

WR 


(118) 


The mixture pressure p is found from this, since T = 


RW' 


giving pV = PiFi + P 2 V 2 + PzV's + • - • • (H^) 


The sum of the products of pressure and volume before mixing is 
equal to the product of pressure and volume after mixing. 

If the pressures before mixing are equal and the temperatures different, 
equation (118) gives 


T 


V 2 ' 

. Ij r Ij 4_ 

^2 ^3 


T F, + 7, + 1-3 + > > ■ 

1 rp rp 

T^i+F2^+l"3 5r + --- 


( 120 ) 


If, on the other hand, the temperatures are equal and the pressures 
different, 

then r = 


i.e. no change in temperature occurs due to mixing. 

As shown by equation (119), the pressure of the mixture is independent 
of the temperature, and hence can be calculated without a knowledge of 
its value. 

If the mixing occurs at constant pressure, instead of at constant 
volume (in which case the pressure in all the spaces F^, F 2 , Fg, is equal 
to p^)^ the above treatment remains unaltered, except that is replaced 
by c^. Equations (117), (118), (119), and (120) thus remain the same, 
and from equation (119) it follows that F = F^ + F 2 + Fg, i.e. the 
volume of the mixture is the sum of the volumes of the individual gases 
before being mixed, and is irrespective of the gas temperatures before 
mixing. 
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1?,-irflTviplA 3. If 0-5 ft.® of air at 86 Ib./in.^ abs. and 40° C. are mixed 
with 2 ft.® of air at 14-7 Ib./in.® abs. and - 10° C., find the resulting 
mixture pressure (p) and temperature (<). 

Prom equation (119), 

p(0-6 + 2) = 86 X 0-5 + 14-7 X 2 = 72-4 
p = 29 lb. /in.® abs. 


or 


From equation (117), 

86 X 0-5 + 14-7 X 2 
“ 86 X 0-5 14-7 X 2 

313 263 

t = 290 - 273 = 17° C. 


= 290° C. abs. 


Example 4. In order to use hot products at 1000° G. for a drying 
process, they are to be mixed with air at 10° C. and reduced to 650° C. 
Find the volume of air required expressed as a fraction of the products 
volume. 

Denoting the products and air volumes by and Fj respectively, 
we have, from equation (120), 


(550 -f 273) = (1000 + 273) 


1 


+ 



I 


Fg (1000 + 273) I 
Fi (10 + 273) 


from which ^ == 0-185, i.e. the volume of air required is 18-5‘)'o of 
that of the products. 

Example 5. The clearance volume of the L.P. cylinder of a compound 
steam engine is 10 per cent of the stroke volume and contains steam at 
10 Ib./in.^ abs. Steam from the receiver at 40 Ib./in.^ abs. mixes with the 
steam in the clearance volume. Find the pressure drop in the receiver 
if its volume is 0-75 times the volume of the L.P. cylinder. 

The equation for the mixture pressure holds approximately in the 
case of vapours. If the L.P. cylinder volume is called 1, 


then p{0'l + 0-75) 10 X 0-1 + 40 X 0-75 


or 


p ~ 30.5 lb./in.2 abs. 

0*85 


The receiver pressure drop is thus 40 - 36*5 = 3*5 Ib./in.^ 

Example 6, At the beginning of suction, the clearance volume of a 
gas engine cylinder is filled with hot residual gases left over from the 
previous working stroke. During suction these hot gases mix with the 

fresh charge and thus affect the tern- 
/trJ , perature and weight of this charge. 

— - Let the clearance volume be F^ft.^ 

I and the pressure and temperature of 

— I the hot gases contained in it be C. 

^ and py, Ib./in.^ abs. Also let the stroke 

Fig. 36 volume be F^ ft.^ and the temperature 
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and pressure of the charge before entering the cylinder be and 
If now the pressure in the cylinder at the end of suction is p, the 
temperature t has to be found at this position, and also the volume 
of gas drawn in at and T^. 

For the pressures and volumes, equation (119) holds without reference 
to the temperatures, 

hence p{V,+ V^) = PrVc + PaVa 


That is, during suction, which is effected by a throttling action from the 
outer pressure jPo to the inner pressure, the product paV^ remains constant 
(see page 212). 

It follows that 


y„ = .^ (F + F )-— F 

“ Pa^ Pa ' 

In the special case of p,. = = p, we have 

F„ = F. 


i.e. the volume drawn in is equal to the stroke volume, no matter what 
the temperature of the residuals in the clearance is. 

The mixture temperature is 


/ji Pr^ c ~h P gF a 

2L"^_c _j_ P a 

T ' T 

r a 


p{y. 


Vr 


PrVc 

Tr 


+ 


P (^ s + f^c) -Pr^ , ■ 

T„ 


If, for example, V ^ 
Pa = 14-5 Ib./in.^ abs., 


V 


13-5 


f: = iiTb (1 + 


0-2 F,, 2V = 14*9 lb. /ill.- abs., = 500° C., 
20° C., and == 13*55 Ib./in.^ abs., then 

14*9 


and 


T 


14*5 
13*55(1 + 0-2) 


14*9 X 0*2 14*5 X 0*912 


X 0*2 = 0*912 (volnmetric efficiency) 
334° C. abs., t = 61° C. 


773 


293 


It should be noted that the volume F^ is not affected by the tem- 
perature of the residuals; the incoming charge expands during mixing 
by the same amount as the residuals contract. Actually, of course, a 
certain amount of heat is given to the inflowing air by the hot walls, so 
that the volumetric efficiency is reduced and the final temperature is 
higher than that calculated above. 

Exact Method. In the treatment given above it was assumed that 
the specific heats, for all the constituents, were independent of tempera- 
ture and that the molecular specific heats mc^ = (7.^, were all equal. 
Since these assumptions are not, in general, fully justified, particularly 
with regard to the molecular specific heats, the above equations are only 
valid within narrow limits. Since the internal energy of a gas at f C., 
reckoned from 0° G., is 

I = 

the sum of the internal energies of the mixture is 
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in which the mean specific heat of the mixture between 0° C. and 
the mixture temperature, is determined from 


From this, equation (117) 


becomes, when 



is replaced by 


mR 2780 

7^1 p I T2y 2 p ] 

/p ^vmit “T qj ^vm^t i • • • 

Also, since pF = 

and WE,,, = If A + + . . . 

_ IhZl I ^^212 
T, T/ 

T T 

we have pY = + (120a) 

This equation replaces equation (119), and is only equal to it when 
the molecular specific heats are equal. 

Equation (120a) is valid for all gases which follow the law 

pF = RT 


however different their molecular specific heats may be. The mixture 
temperature jP, however, depends on the molecular specific heats, as 
shown by equation (119a). 

The exact determination of the mixture temperature from equation 
(119a) is troublesome, since the mean molecular specific heats in the 
numerator depend on the unknown mixture temperature. The energy 
(/ -t) or, in the case of constant pressure, the total heat (H-t) chart, offers 
a convenient graphical method of finding the mixture temperature, since 

= -^1 + ^2 + ^3 • • - constant volume) 
and H^^ ^ H^ H 2 ■+ H^ . . , {a.t constant pressure). 


When the volumes F^, Fg, , . . ft.^ of the different gases, at the 
pressures p^, pg, P3, • . . and the temperatures ^3, • - • are known, 

they have to be reduced to S.T.P. conditions, since Chart I has been 
constructed for 1 ft.^ at S.T.P. 


This gives 


^'1 


Y', 


= V, 


= Y, 


273 

i4-7 

!Z! 1a. 

14-7 


The ratio of the volume of gas 2 at S.T.P. to that of gas 1 at S.T.P. is 

Y' . Y' 

thus . Hence, in order to draw the energy curve for ft.® of gas 2 
V 1 K T 
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on the chart, in which the energy curve for 1 ft.® of gas 1 is already 
shown, it is only necessary to multiply the abscissae of this curve bv 
F, 


y\ 

gas 


Y' 

The energy curve for the mixture of 1 ft.s of gas 1 and ^ ft.® of 

V 2 

2 is then formed by adding the abscissae of the two curves* The 


energy values and corresponding to and are then marked off 
on the energy curves of the individual gases, and a point on the mixture 





Fig. 37 


curve is so located that the internal energy there is equal to + I^- 
The temperature at this point then gives the required mixture tem- 
perature. 

Example 7. If 5*4 ft.^ of pure products at 1000° C. are mixed with 
1 ft.^ of air, at 10° C., at constant atmospheric pressure, find the resulting 
mixture temperature and the volume of the mixture. 

The volume of products at S.T.P. per ft.^ of air at S.T.P. is 

» _ 5-4 (273 + 10) ^ 

~ 7.T. ~~ 1 (273 + 1000) " * 

The abscissae of the pure products curve have thus to be multiplied 
by 1*2 in order to obtain the H curve for 1*2 ft.^ of products (Fig. 37). 
The abscissae of this curve are added to those of the H curve for 1 ft.^ 
of air, thus giving the H. curve of the mixture. From these the mixture 
temperature is found to be 600° C., both for mixing at constant pressure 
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and constant volume. From equation {120a) the mixture volume is 
6-77 ft.^ and is thus greater than 

This example is the same as example 4 given above, so far as the 
quantities and initial temperatures of the gases are concerned. The 
more exact solution, however, shows a mixture temperature of 600° C. in 
place of 550° C. 

For gaseous mixtures, which do not follow the gas law exactly, due 
either to high pressures or proximity to the saturated state, the above 
simple equations (117), (118), (119), and (120) are not valid, but the 
relations H,,, H^ + H^ + . • • iox constant pressure, and ^ 

-1- . . ., at constant volume, still hold. 


EFFECT OF HEAT ON THE GAS STATE. THE 
DIFFERENT CHANGES OF STATE 

If heat be supplied to a gas contained in a vessel, which is closed by 
a movable piston, then, in general, the pressure and volume change 
simultaneously with the temperature, since they depend on the tempera- 
ture, and on each other, as shown by the characteristic equation ^F = RT. 
In special cases, one of the three variables may remain constant. Thus 
the volume F may remain constant, in which case, if T is doubled due 
to a supply of heat, p also is doubled. On the other hand, if p remains 
constant, F is also doubled w^hen T is doubled. The heat supplied in the 
two cases is different and, in general, the supply of heat depends on the 
particular changes in volume and pressure. 

Conversely, any change w^hich may occur in the state of a gas must 
correspond to a definite supply or removal of heat. Contrary to the case 
with sohds, the temperature change alone of gases is insufficient to 
determine this quantity of heat, since it depends on the pressure and 
volume changes also. 

Changes of state may be classified as follows — 

1 . The containing vessel is of constant volume, so that the temperature 
and pressure alone vary when heat is supplied or withdrawn. 

2. The containing vessel is closed by a piston, on which a constant 
pressure is exerted, so that the gas pressure also remains constant. In 
this case the temperature and volume both increase when heat is supplied 
and decrease when heat is removed. Heating under constant atmospheric 
pressure is a special example of this case. 

3. The volume is varied by means of a movable piston in such a way 
that the temperature remains constant although heat is being supplied. 
The characteristic law shows that the product pF is constant in this case, 
and it is shown later that the volume must increase when heat is supplied, 
and decrease when heat is removed. This change of state is called 
“ isothermal.’' 

4. The pressure, volume, and temperature may be varied without 
the supply or removal of heat by mechanically compressing or expanding 
the gas. This change of state is, strictly speaking, only possible if the 
walls of the containing vessel are perfect heat insulators, and hence is 
called an “ adiabatic ” change of state. 

5. The pressure, volume, and temperature all change, when heat is 
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supplied or withdrawn, according to any arbitrary law. This is the most 
general case of change of state. 

Change of state at constant volume. Let a mass of gas at the pressure 
and absolute temperature T-^^ be contained in a vessel of constant 
volume F. In order to raise its temperature to the heat supplied per 
pound is 

Q^cAT^-T^) 

If the rise in temperature is small, may be regarded as constant, 
i.e. it is independent of T-^ and Tg? but in heating to the usual temperatures 
of the products of combustion this assumption is not justified. If is 
given, Q is found from 

Q= {C,)n.iT2-T,) 

where (c^)^ is the mean specific heat between and however, 

Q is given and Tg - T^ is required, Chart I can be applied (see Fig. 34). 
The weight of gas occup3dng V ft.^ is given by 

w = riZib 

BT^ 

The actual heat required is therefore WQ C.H.U. 

Since the total volume is constant, the specific volume is also constant, 
so that, for the initial state, 

p^v = RT-^ 

and, for the final state, 

which gives ^ ^ 

Ii 1 1 

i.e. the pressure increases directly as the absolute temperature. The same 
treatment holds when the gas is cooled. In this case the pressure drops 
but the formulae remain unchanged. No mechanical work is performed 
in this change of state. 

Example 8. If air at 15° C. and 14*7 ib./in.“ abs. is heated at constant 
volume until the pressure is 43 Ib./in.^ abs., find the final temperature. 

XT. ^2 43 

(273 + 15) i4-7 

or Tg = 340° C. abs. and — 577° C. 

This example serves to show that, for technical purposes, it is not 
possible to raise the pressure of gases by external heating (as is done in 
steam boilers) to more than about 2 atmospheres pressure, owing to the 
high resulting temperatures. 

On the other hand, the internal firing, as adopted in internal com- 
bustion engines, is well suited for the production of high pressures required 
in the performance of mechanical work (see page 340). No harm is caused 
by the high temperatures in this case, as the duration of maximum 
temperature is short, and eificient cooling is efiected by the walls, the 
temperature of which is well below the combustion temperature. 
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'Change of state at constant pressure. Let a mass of gas at the 
temperature T-^ be contained in a vessel of volume 7^, and let its pressure 
be maintained constant at p by means of a loaded piston (Fig, 38). Due 
fco a supply of heat from the outside, the gas expands and the increase in 
volume, as given by Gay-Lussac’s Law, is 

Fa - Fi = (see page 2). 


If this be divided by the piston area 
A, the piston stroke 8 is obtained. Fq is 
the volume of gas at 0° C. The pro- 
portional increase in volume is 


The amount of heat required to raise 
the temperature by f := T 2 - T^ is 

Q = cj. 

where is the specific heat at con- 
stant pressure. The same remarks 
apply to as already given on page 91 regarding c^. For a given value 
of Q, t can be found, and when t is known, Q is found, when Cj, is variable, 
from Chart I. 

The total heat supply is IFQ C.H.U. where 



W = 


RT^ 


Mechanical work. In the previous (constant volume) case no mech- 
anical work was performed, but, in this case, mechanical work 

is performed, or, 

since = Fg- F^ 


For 1 lb. of gas 

Fg = V 2 and F^ = v-^ 
so that E = p(V 2 - v-^) 

This can also be expressed in terms of the temperatures, 

RT2 ^ RT, 

smce V 2 = — - and v-, = — 1 

P2 Pi 

giving E = R{T 2 - ^i) 

^ Mechanical significance of the gas constant R. 

With T 2 -T, =rc. 
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R can thus be defined as the absolute work of expansion, in ft. lb., 
resulting from the heating of 1 lb. of a gas, at constant pressure, through 
1° C. The universal gas constant mR = 2780 is thus the corresponding 
work per moL, i.e. per m lb. of the gas. 

Example 9* Find the quantity of heat transmitted to air flowing 
through a heater at constant pressure, if 1000 ft.^ per hour are to be 
raised from - 15° C. to 60° C. 

The heat required per lb. of ah* is 

c^(60 + 15) = 0-238 X 75 = 17-85 C.H.U. 


The density of air at 60° C. and M-7 Ib./in.^ abs. 


0-0808 X 273 
273 + 60 


0-0662 lb./ft.3 


so that 1000 ft.^ weigh 1000 X 0-0662 = 66-2 lb. The heat required per 
hour is thus 66-2 x 17-85 = 1080 C.H.U. 

Example 10. Fuel is injected in a cylinder containing air at 500 Ib./in.*^ 
abs. and 700° C., and during the subsequent combustion the pressure 
behind the moving piston remains constant at 500 Ib./in.^ abs. (constant 
pressure cycle). 

Find the temperature T^ of the gas when the fuel combustion ceases, 
if the volume behind the piston is then 2-| times the initial volume. 
Also find the heat supply per ft.^ at S.T.P. and the absolute expansion 
work during combustion. 

Here — 

’ 273 + 700 1 

T. = 2430° C. abs. and = 2157° C. 

The temperature rise is thus 2157 -700 = 1457° C., while the initial 
temperature is 700° C, This corresponds, as shown by Chart I, to a heat 
supply of about 33-8 C.H.U./ft.^. The absolute expansion work is 

E = R{T^^T^) = 96 x 1457 = 140,000 ft. Ib./lb. 

See page 69 regarding the calculation of combustion temperatures. 


CONVERSION OF HEAT TO WORK OR WORK TO HEAT IN 
A CONSTANT PRESSURE CHANGE OP STATE. MECHANICAL 
EQUIVALENT OF HEAT. FIRST LAW OF THERMODYNAMICS 

If a given mass of gas be heated at constant pressure, the heat 
supplied to it is greater than that required to heat the same mass of gas 
at constant volume by (c^ - c^) C.H.U. per lb. and per degree centigrade 
rise in temperature. The increase in sensible heat actually supplied to 
the gases, is, however, the same, because this depends on the final tem- 
perature alone, and not on the method by which the final state is attained. 
The amount of this increase in sensible heat is cj^, since all the heat 
added at constant volume is used in producing the temperature rise. 

Of the heat cjt C.H.U. taken up by the gas at constant pressure, 
therefore, the amount which disappears during expansion is {Cpt-cJ) 
or (Cj, - c^) per degree rise. 
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The essential difference between the two changes of state is due 
solely to the mechanical work delivered by the gas when heated at 
constant pressure. The expansion and consequent delivery of work is 
just as much a result of the heat supply as is the temperature rise, 
whereas at constant volume the heat has only to effect the latter. 

It will thus be realized that the heat - c^) G.H.U., which has 
become latent, is simply required for the performance of the expansion 
work. As shown on page 92, this amounts to R ft. lb. /lb. ° C., so that 
1 ft. lb. of work corresponds to the heat 

A = C.H.U. 

If the values of Cy, and R, as found by direct measurement, are 
inserted in this equation, it is found that A is the same for all gases and 
is independent of the variation of and Cy with temperature. Its value 

is A = 


In order to confirm this from the experimental specific heat values 

Cj, and Cy, it should be noted that only y and R are given 

dhectly, since an exact method, apart from explosion tests, for lindiug 
Cy has not yet been carried out. It is thus convenient to change the 
expression for A as follows — 


Since 


and 


4 _ V ^ 

J>0 vd^ 

1 

V 


A 


I 1 


R 

Va 


f 1 - 


7-75 


where d is the density at S.T.P., and and y are measured at the same 
temperature. 

Thus, for oxygen,’^ 


so that 
for hydrogen, 


so that 


= 0-089 lb./ft.3, c, - 0-2175 C.H.U./lb., y = 140 

^^ 0-089 x 0-2175/^ 1\ 1 

“ 7-75 14y 

tZq = 0-00561, Cj, = 3*40, y = T408 

_ 0-00561 X 3-40 X 0*408 1 

^ 7-75 X 1*408 


* From Laiidolt and Bornstein, Physik^Qhem. Tahellen, Third Edition (1905). 
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and for air, cIq = 0*0808, = 0*240, = 1*40 

so that __ 0*0808 x 0*240 X 0*4 _ 1 

" “ "7*75 X 1*40 ^ 1400 


These accurate test values serve to show, therefore, that A is actually 

constant and equal to • 

1400 

Erom the above it follows that the amount of work obtained by the 

conversion of O.H.U. of heat is 1 ft. lb. 

1400 

If a gas is cooled at constant pressui'e, so that its temperature decreases 
by C. (see Fig. 38), the heat taken from it is cji. The amount of sensible 
heat given up by the gas itself, however, is only cj (for the same reason 
as explained above when the gas received heat). The excess 
which is also given up, is obtained from the mechanical work performed 
on the gas by the external pressure as the volume is decreased. This 
work is transformed to heat in the gas itself and, as such, is given up 
during coohng. Hence, when heat is produced from mechanical work, 
the amount of work required per unit of heat is 

1 - 1400 ft. Ib./C.H.U. 

Cj, ~c, A 

This conversion of heat to work, or work to heat, forms the basis of 
a perfectly general law, which is independent of the particular properties 
of gases and is known as the '' law of the equivalence of heat and work.'* 
It can be stated as — 

If, in any way, heat is transformed to mechanical work, or mechanical 
work to heat, for every unit of heat so transformed the amount of work 
obtained is 1400 ft. lb., while for every ft. lb. of w^ork transformed to 

heat the amount of heat generated is C.H.U. 

This law was first discovered by- Mayer in 1842. Its general validity 
was confirmed by Joule in 1843 by numerous tests. Mayer calculated 
the mechanical equivalent by means of the values of and i?, known 

at his time in the manner explained above. The value obtained from 
recently established data for oxygen and nitrogen is, as shown above, 
1400, and is the same as the value given by direct tests, in which mech- 
anical work is transformed to heat by friction or turbulence. 

Assuming now that this law is valid generally, then for aU gaseous 
substances, to which the characteristic equation = RT applies, we 
have the important relation 

_ - A 

— 1400 


R = 


2780 

m 

0^-C, 


2780 

1400 


1*98 


or, smce 
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i.e. the difference between the molecular specific heats at constant 
pressure and constant volume is, for all gases and at all temperatures, 
equal to 1*98. 

The number 2780 is called the universal gas constant ” (page 13) 
and represents the work delivered by 1 mol. of any gas when heated at 
constant pressure through 1° C. 

EXPANSION AND COMPRESSION WORK OF GASES AND 
VAPOURS. ABSOLUTE AND USEFUL WORK 

Consider a cylinder fitted with a piston, as shown in Pig. 38, and let 
it contain TP lb. of gas or vapour. Also let heat be supplied to, or removed 
from, the gas either internally or externally. Any change in pressure 
will be transmitted by the piston rod, either from the outside to the gas 
or from the gas to the outside. In this section the work due to the gas 
pressures and piston loads will be considered, for any movement of the 
piston (i.e. for any change in volume of the gas) when the variation of 
gas pressure with volume is known and equilibrium is maintained between 
the forces on both sides of the piston. 

Absolute gas work. The manner in which the gas pressure, acting 
"bn the piston, varies with change in volume depends on the heat given 
to or taken from the gas during this change. Hence, in finding a general 
expression for the work done by the gas, any arbitrary law connecting 
the pressures and volumes may be assumed. 

Por a small movement ds of the piston the change in pressure is dp. 
But dp is negligible compared with the total pressure p, so that the work 
due to the gas pressure is apds. Now ads is the change in volume dV of 
the gas, due to the movement of the piston of area a, i.e. ads — dV. 

Hence the work is dE = pdV 
or, per lb., dE = pdv 

If the movement of the piston be regarded as a series of steps of 
length dsi, ds<^, ds^, . . . corresponding to volume increases of dVj, c/Fg, 
dV^, . . . the successive works obtained are PidVi, P 2 dV 2 , . . ., so 

that the total work for any travel of the piston is 

E„ = 

(from Fj to or 



Por TF = 1 lb. since V = v 



E and E.^ are related by the expression 
E^=. WE 

F = Wv and dV ==^ Wdv gives 
E^ == J" pWdv = W J ^ ^ pdv = TF^7 


smce 
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Work performed by gases is regarded as positive, while work done on 
gases is regarded as negative. These correspond to the expansion and 
compression of gases respectively. 

Graphical representation of absolute work. (Indicator diagram or 
p V diagram.) If the absolute pressures p are plotted to a base of volumes 
V (Fig. 39), the element of work pdV represented by the small shaded 
area. The total work delivered by the gas in expanding from V" to F', 
or the compression work done on the gas between V' and is representecl 
by the sum of these elements, i.e. by the area ABB' A'. For this reason 
the diagram is called the “ work diagram.’' 

The method of locating the pressure axis in practical cases is as 
follows (Fig. 39). The particular pressure changes are actually given 



within the stroke volume, but the corresponding gas volume at any 
instant is the sum of the volumes swept out by the piston and the volume 
V" behind the piston at the inner dead centre position. In the case of 
gas engines V" is called the “ compression space,” and in the case of 
steam engines the “ clearance volume.” The pressure axis thus lies at 
a distance proportional to these volumes from the initial point of the 
curve. 

Mean effective pressure. The work delivered by the gas, when the 
pressure is variable (curve BA), may he regarded as delivered by a 
constant pressure of a certain mean value acting duriug the same 
volume change. 

In the p V field, must equal the height of the rectangle, having a 
base equal to B' A' and an area equal to B'BAA ' ; can be found from 
the diagram by integrating this area with a planimeter and dividing by 
A'B' (without reference to the volume scale). The work is then given by 

E it. lb. 

in which is in Ib./ft.^ and F and F" are in ft.^ 

In practical cases, F' - V" is usually the stroke volume of a cylinder 
having a piston area A and piston stroke S, so that 


In this expression can be in Ib./in.^ if ^4 is in in.^ S, however, is 
measured in feet. 


8— (5714) 
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Absolute and useful or net gas work. The work determined above is 
that performed by the gas on the inner surface of the piston in the case 
of expansion, or by the external forces on the gas in the case of com- 
pression, and is known as the “ absolute work ” of the gas. 

Now since the space beyond the outer surface of the piston (Figs. 38 
and 40) is never completely empty, but .contains gas or vapour at the 
pressure the force F which acts externally on the piston is made up of 

an amount Ajp' distributed uni- 
formly over the piston area A, 
and a force d: transmitted by 

the piston rod. 

Hence P = A];j' ± 

A force Ap acts on the inner 
piston surface and must, under 
equilibrium conditions, balance 






pp 








■ 




Fig. to 

tlie external force, so that 

Ap = Ap' ± 

or 


During an expansion, the gas exerts the pressure Ap on the piston, 
but the useful force on the piston rod is smaller than this by the amount 
Ap', so that the work delivered is smaller than the absolute work. 

During compression, on the other hand, the force which has to be 
transmitted is less than Ap (pressure due to the gas) by the amount 
Ap\ i.e. the work required for compression is less than the absolute 
work of compression. 

If the external pressure is constant (atmospheric or condenser pressure) 
the work performed by or on it is represented by a rectangle on the pj^ 



field of height p'. The work transmitted by the piston rod during com- 
pression (Fig. 41) is then represented by the area ABDG, while in expan- 
sion the same (net) work is delivered by the gas to the piston rod. 

If , in a compression process, the gas pressure is less than the external 
pressure (Fig. 42), the useful work ABDC is obtained in addition to the 
compression work represented by the area below AB. 
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In the expansion BA, however, the work ABDC has to be performed 
from without, since the gas pressure p, being less than the opposing 
pressure is not sufficient to maintain equilibrium. 



ENERGY EQUATION OF GASES. CHANGE IN THE PROPERTIES 
OF A GAS ACCOMPANYING A CHANGE OP STATE 

As shown on page 90, every change of state of a gas, with one excep- 
tion, is accompanied by a supply or removal of heat ; conversely, every 
heat supply or withdrawal corresponds to a change of state, i.e. of tem- 
perature, pressure, and volume. 

As already explained, a portion of the heat is used to raise the tem- 
perature, and remains as heat in the gas ; the remainder, as mechanical 
work, is used in performing the absolute gas work. For the general case 
it is not necessary that the pressure of the gas should remain constant 
(as considered on page 93). 

If 1 lb. of the gas is raised in temperature from to the increase 
in sensible heat (internal energy) is whether or not the volume, 

or the pressure, remains constant. 

This follows, since the internal energy, at any temperature f, depends 
only on the gas state, and not on the path pursued in arriving at this 
state, from the standard state generally taken at 0'^ C. The value of the 
internal energy above 0'^ C. can, therefore, be determined by heating the 
gas at constant volume from 0'^ C. to t °C., whereby all the transmitted 
heat remains in the gas. Further, for gases which follow the law^t;= BT, 
depends only on the temperature and not on the pressure. 

In any change of state, therefore, the amount of heat required solely 
to raise the temperature of the gas is or If, in 

addition, an amount of absolute work E is performed by the gas, the 

E 

extra heat required for this is = EA, If now the heat supplied to 
the gas is Q, it foUows that 

Q =c,{T^~T^) + AE .... (121) 

If work is done on the gas, instead of by the gas, AE is negative. 

E is given by the area on the pV diagram, i.e. the total area below 
the curve between the ordinates p^ and p^ (Fig. 39). 

For the initial state we have 


and, for the final state, 
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so that equation (121) can be written 


or, since 


applicable for 1 lb. of gas. 

For If lb. of gas the equation becomes 


^ E^ = WE and If ^2 = ^2 ; Wo, = 

The relationships between c^, y, 
^ frequently later in the 

y^.jtdv-d£ text. The most important are 

r, AR .... 

I i - 

As an example of the application 
equation (122) consider the following 
Vr V vi-dv Vg case. 

43 If the 'pV curve for any change of 

state be given (as, for example, the 
expansion or compression curve for a gas engine or air compressor), then, 
by integrating the area below any two points on the curve, the heat given 
to or taken from the gas can be determined. In this, of course, the 
weight of the gas between the two chosen points must remain constant. 

Energy eauation applied to an elementary change of state. When a 
gas changes its state in any way from the initial state p,, v,, T-, to the 
final state p^, v^, the change may be regarded as made up of a series 
of elementary changes in p, v, and T, as shown in Fig. 43. 

The heat flow dQ during one of these elementary changes can be 
expressed in the same way as in the case of a finite change in state, 
giving 

dQ = c^dT + Apdv ..... (123) 
This is valid, whether or not the specific heat is variable. 

/ Characteristic egnation applied to an elementary change of state. 

£lt the commencement of this change, we have 


and, at the end, 


ip + dp) (v + dv) = RiT + dT) 
pv + pdv + vdp + dpdv = RT + RdT 
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Subtraction gives 

pdv + vdp + dpdv = RdT 
Dividing by dp gives 

dT 

pdvjdp + V + dv = R-t- 
dp 


On the pv diagram (Fig. 43), dvjdp is the slope of the curve at the 
point considered (cot and has, therefore, a finite value. Similarly, 
dTjdp gives the slope of the pressure-temperature curve, the course of 
which can be determined from the pv curve. The last equation contains, 
therefore, finite amounts, apart from the quantity dv. This amount 
disappears, when limiting values are taken, and the expression becomes 

pdvjdp d- V = RdTjdp 

or pdv -f vdp ~ RdT ..... (124) 

(Characteristic equation for an elementary change in state.) 

Replacing R by pvjT and dividing by pv gives 


dv dp dT 

+ -p 


(125) 


which is independent of the particular type of gas. 

By combining this equation with the energy equation, am’ one of the 
quantities dp, dv, or dT can be eliminated, and the law of variation of 
p and V, or p and T, or v and T, corresponding to a definite law’ of heat 
change dQ, can be determined, or, conversely, the heat dQ can be found 
from a given pv curve. 

Writing equation (124) in the form 

dT = " {pdv + t’dp) 

K 


and inserting this in the energy equation, gives 
dQ — {pdv -f vdp) + Apdv 

li 


Also, since 


A 

B ~ 

y-1 

we have 

dQ _ 



dQ 

■V 

or 

Ad,v 

y ~ 1 \ dv 


pdv 

y- 1 


By means of this last equation it is possible to determ’ne whether heat 
is being supplied to or taken from a gas at any point on a pv curve (Fig. 
44). If, say, with increasing volume {dv positive) the right-hand side of 
the equation is positive, then dQ is also positive, so that heat is being 
supplied ; conversely, when dQ is negative, heat is being withdrawn. 
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If, with decreasing volume (compression, dv negative), the right-hand 
side is positive, then dQ is negative, and vice versa. It becomes necessary 

to determine, therefore, whether dpjdv -f is positive or negative. 

In all cases of pressure increase with increasing volume heat is being 
added (position I). If the pressure and volume are both decreasing, the 
expression® is again positive, but heat is being withdrawn, since dv is 
negative (position II). 

If the pressure decreases with increasing volume (position III, expan- 
sion) ^ either positive or negative, since dp is negative 



Fig. 44 

and dv is positive. Hence, heat will be added to or taken from the gas if 

dp . p 

is less or greater than y respectively . From Fig. 44, 

dp _^p 
d>v s 

The conditioning equation is thus 

s > 

or 

If, therefore, the ratio of the abscissa v to the subtangent s is smaller 
than y, heat is being added, but, if larger than y, heat is being withdrawn. 

The reverse holds in the case of compression (position IV), i.e. if - < y 

V ^ 

heat is withdrawn, and if *-> y heat is supplied. 

5 
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Hence, by drawing a tangent at any point, a very simple means is 
obtained of finding whether heat is being added to, or taken from the gas. 

As shown by equation (121) the heat supply during any change of 
state AB (Pig. 45) is found by adding the quantity to the heat 

equivalent of the absolute gas work AE. The quantity c ^(^2 “ ^i) if? 
represented in mechanical units by the area below the adiabatic expansion 
curve between the temperatures ^2 ^^d (see equation 131). Hence, if 
an adiabatic be drawn through B and an isothermal through A, the area 
below. BO is equal to 1400 since the temperatures at B and C 

are and respectively. The total shaded area below ABC represents 
the heat Q in mechanical units, i.e. 1400C3 ft. lb. The same result is 
obtained using equation (122). 

Hence, w^hen the diagram scales are known, this purely graphical 
method gives the value of Q, even if the specific heats and temperatures 
are not known. 




CHANGE OF STATE AT CONSTANT TEMPERATURE 
(Isothermal Change of State) 

When the temperature remains constant the pressures are inversely 
proportional to the volumes, or 

T2 % 

which gives 2h^i = 

or — constant 

so that the pressure-volume curve is a rectangular hyperbola. 

If the pressure and volume in an initial state is represented by the 
point A (Pig. 46), the final point B, corresponding to an increase in volume 
from % to is easily found as follows — 

A horizontal and vertical are drawn through A and a radial line OB" 
through 0. Through A", where this radial line cuts the vertical through 
A, #n horizontal is drawn to cut the vertical through B" at the required 
point B. 
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This follows since B'B''jA'A" ~ OB' jO A' 


or 

which satisfies the condition given above. 

This method is nsed to draw in the complete expansion curve (Fig. 47), 
or the complete compression curve (Fig. 48), starting in both cases at 
the point A. A horizontal and vertical are first drawn through A, From 




Fig. 48 


0 any convenient number of radial lines are drawn to cut these at points 
through which horizontals and verticals are drawn. The points of inter- 
section of these horizontals and verticals lie on the required curve. 

The absolute work E, performed by the gas in expansion, or on the 
gas in compression, is given by the area ABB' A' (Fig. 47). From the 
properties of the rectangular hyperbola this area is 


E ^p^v^log, 


2^2 


or E =2>i'yilog,^ 

Vi 

For the purpose of calculation, it is more convenient to use logarithms 
to the base 10, which give 

E = 2*303 log — 


or E = 2*303 log ~ 

(for 1 lb. of gas). 

For the weight W lb. of gas, having volume ft.^, 
E^ = 2-303 log^ 
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The heat added between A and B is given by 

Q ^c,{T.^-T^)+EA 

but T-^ ~ ^ 2 , so that c^{T^ - = (9 

and Q = EA 

If, therefore, the temperature is to remain constant during expansion, 
a quantity of heat equal to the work done has to be supplied. 

In the case of compression, where E is negative, we have 

Q =-AE 


From this it follows that, if the temperature is not to increase during 
compression, a quantity of heat equivalent to the absolute compression 
work has to be removed, i.e. in isothermal compression the whole of the 
absolute work of compression is converted to heat and carried away by 
the cooling water. 

If the pv curve is to follow the hjrperbola at every point, the heat 
equivalent of an element of work has to be supplied or removed. Prom 
page 100, this gives dQ ~ Apdv, and dQ will be positive for + dv (expan- 
sion) and negative for - dv (compression). The quantities of heat for the 
same elementary changes are therefore proportional to the pressures. 

In fast running machines, such as air compressors, it is impossible to 
produce isothermal compression, and the best that can be done is to 
employ as efficient cooling as possible. 

Example 11. (See also Boyle’s Law, page 1.) Air at jpo ^b./in.'^ abs. 
is to be compressed isothermaUy to p Ib./in.^ abs. Find the absolute work 
of compression performed on the air. How much heat has to be removed 
from the air during compression? Express the quantities per ft.^ of air. 

Since p is in Ib./in.^ abs., we have 

E = 2-303 X 144 pF log ^ 

Po 

or, with V = 1 ft.^ 


E = 2-303 X 144 2 } log - ft. Ib./ft.^ 
Po 


and 


1400 


With Pq = 14*7 lb./in.2 abs., and p as follows — 
p = 1*5 X 14*7 3 X 14-7 6 x 14*7 9 x 14-7 15 x 14-7 Ib./in.-abs. 

we have 

E = 1,288 6,990 22,800 41,900 86,000 ft. Ib./ft.^ 

and 

Q =. 0-92 5-0 16-3 30*0 61*5 C.H.U./ft. 


CHANGE OF STATE WITH NO HEAT FLOW EITHER TO 
OR FROM THE GAS. (Adiabatic Change of State) 

In isothermal compression of a gas, heat has to be removed, otherwise 
the temperature rises, while, in isothermal expansion, heat has to be 
supplied, otherwise the temperature falls. 
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In this section, the changes in temperature, pressure, and volume of 
a gas, and the work done in compression or expansion when no heat is 
supplied to or taken from the ps, will be considered. 

This change of state is of importance in dealing with the expansion 
and compression of the gases in an internal combustion engine. Even 
though the metal walls are not perfect heat insulators, and may allow 
considerable heat flow, the adiabatic change of state is useful in con- 
sidering the ideal standard of performance, since the work is then delivered 
entirely by the internal energy of the gas. Again, in the case of high 
speed engines, the heat flow during expansion is not very serious. 

From the energy equation 

Q = cAT,~TA + AE 
we have with Q — 0 


Hence, in the case of expansion, I\~I\ < 0, i.e. or the 

temperature falls. The expansion work is ^ (^i ~ ^^ 2 ) is thus equiva- 
lent to the heat, expressed in mechanical units, which has been removed 
from the gas. In the case of compression, is greater than (since AE 
is negative), therefore - T^ is negative, and hence the temperature 
rises. This means that the increase of heat or energy, given to the gas, 
is equal to the heat equivalent of the work of compression AE. 

In an adiabatic change, therefore, the whole of the absolute work of 
compression is given to the gas as heat, while, in expansion, the work is 
obtained entirely from the energy possessed by the gas. 

Expression for the adiabatic work— p V curve. For the initial state 
(Pig. 49) we have 

PiO-L = 

and, for the final, 

= BT^ 

Subtraction gives 


so that the work done is 


or, with (page 100) 

W- ^ 

Now E is given by the area below the pv curve, i.e. ABB' A'. Hence 
this curve must satisfy the condition that the area below it, and between 
the ordinates and must equal the difierence between the two 

rectangles and pgVg, multiplied by the coefficient Another 

property of the pv curve is established as follows. ^ 
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The energy equation, for an elementary change of state, is (see page 

100 ) 

dQ = c^dT + Apdv 
so that for dQ = 0 

c^dT = ~ Apdv 

The characteristic equation gives (page 101) 

2 :)dv + vdp = RdT 

Eliminating cZT, from both equations, gives 


- vdp = pdv 


but, as shown on page 100, 




so that 


dp 

dv 


V 

“7" 

^ V 


(126) 


This equation gives the direction of 
the tangent at any point on the pv curve 
having the co-ordinates p and v. From 
Fig. 49, 

tan (f) = - d'pldv 


CD 


With tan 0 


CC' 


tan i 

yv 


JL 

tan I 



we have CD = 


CD is the projection of the tangent CD 
on the abscissa axis (i.e. the subtangent) 
and is thus given, for any point on the curve, by the abscissa multiplied 

by ^ 


Fig. 49 


This geometrical property, as well as the expression for the area given 
above, is valid generally for all curves in the pv field which follow the law 

pt;^ = constant . . . . . . (127) 


The relation is sometimes called Poisson’s Law. It is referred to, in 
this text, as the “ adiabatic equation,”* while the curve itself is called an 
adiabatic.” ^ 

The value of y = “ is nearly equal for all diatomic gases, and at 

normal temperatures amounts to. 1*4 (see page 52). Hence these gases 
have the same adiabatics. For other gases, however, the values are 



108 


TECHNICAL THERMODYNAMICS 


different; thus for methane y ~ 1*31, for ethylene 1*24, and for argon 
1‘67. At high temperatures the value of y decreases ; for example its 
value at 1200° C. for air is 1-34 and for pure products 1-28 (Fig. 68). 

V Temperature change. From the characteristic equation at the initial 
and final states, we have 


and since 
or 


we have 


Also since 


^ = Ms 

Tx PiVi 
Pi^i^ = 

Ih Y's/ 

Tl ^1^2/ 



'El = (2i\ 

Tl [pij 


(128) 


(129) 


(130) 


For an elementary change of state, we have, when dv and v are 
eliminated from equation (125), by means of the relation pv^ = C, 

dT_ _ y-1 T 

dp y V 

Expressions for the adiabatic work. This can be given, as already 
explained, by 

E - c,{T^-T^) (131) 

or, in terms of the pressures and volumes, 

1 


E = 


y-1 


(PjV-^-PiV^) 


(132) 


Again, if p^ is eliminated by means of the relation, 


®2 = i^X - 




we have 



(133) 


and similarly, by eliminating V 2 , 


E 

y-1 



(134) 


These expressions are valid for 1 lb. and are used according to the 
data available. For the general case, where the weight is W lb. and thq 
volume V ft.®, the quantity v is replaced by F. 
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Equation (134) can also be expressed as 


E = 

y-l 


(135) 


In compression processes these expressions are negative, since 
2^2 > Pv ^2 > in actual calculations, the negative sign need 

not be retained, so that the work of compression is expressed by, say, 


E = 



(136) 


Construction of the adiabatics. Let any point ^4 on the curve be 
given (Fig. 50), and let the adiabatic exponent be y. In order to draw 
in the curve, points on it may be located by calculation, or graphically, as 
follows — 

1. By calculation. This is generally the most rapid and most exact 
method of drawing the curve. Thus, in Fig. 50, at the point .4 let pj 



= 0*55 in. and % = 0*23 in., then for = 0*40, 0*30, 0*20, and 0*10 inches 
the corresponding abscissae v are 0*288, 0*358, 0*480, and 0*79, as found 

by calculation. Thus, taking the first point, v is given by 0*23 
= 0*288, and so on. 

When the curve AB is drawn, any other curve, such as the one 
through can be drawn from it by making the ratio of the abscissae of 

CA 

the curves constant and equal to Fig. 50 contains a series of 

adiabatics, between which any other required curve can be easily drawn 
in the manner just described. 

Since, for a given value of y, the ratio of the volumes v/vq is found 
from the ratio of the pressures, the adiabatic curve for a given initial 
state ^o'^o constructed by means of tables such as the following, 

which are valid for y = 1*4. 


/0*55y*4 
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EXPANSION— 

— = 1 0-9 0-8 0-7 0-6 O-o 0-4 0-3 0-:2 0-1 0-05 0-025 

Po 

- = 1 1-078 1-173 1-290 1-440 1-640 ]-924 2-363 3-157 5-180' 8-498 13-942 
COMPRESSION— 

= 1 1-5 2 3 9 10 20 40 

-- = 1 0-748 0-610 0-457 0-372 0-317 0-279 0-249 0-227 0-209 0-193 0-118 0-0717 



2. Brauer’s graphical -construction (Fig. 51). From 0 draw a line at 
any angle a to the horizontal, and a line at the angle p to the pressure 
axis, such that 

tan jS = (1 -|- tan a)^ “ ^ 

This is followed by the zig-zag construction shown by the arrows. 
The parallels must be drawn at 45^. If the angle a is increased, the 
points will be further apart. 

With tan a = 0*2 = f ^o>r example, and y — 1*4, we have 

29-08 

' Too" 

Care must be exercised in this construction, since any small error is 
carried over to the subsequent points. 

Method of finding the exponent y from the indicator diagram. Draw 
a tangent at the point P (Fig. 50) where the value of the exponent is 
required. The subtangent s, divided by the abscissa of P, gives the 
reqiiii’ed exponent, 

i.e. 

See page 116 for an alternative method for finding y. 

In indicator diagrams, y usually varies at different points, either 
because the process is not truly adiabatic or because y itself is variable. 
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Example 12. A mixture of air and gas at 12-8 Ib./in.^ abs. and 50° C. 
is compressed adiabatically to a fifth of its volume. Find the final 
pressure and temperature {y == 1-38). 


Here 


Ih 

V 



and 



- 12-8 X 51-3S == 118 lb./in.2 abs. 

= (273 d- 50) _ 5950 c 

U = 322^ C. 


Sxample 13. Compressed air at 71*6 lb. /in.- abs. and 40^ C. is to be 
expanded adiabatically so as to give a final pressure of 22 lb. /in.- abs. 
Find the proportional increase of volume and final temperature, y = 1*4. 

Here == 

\V2j 


and 




log 1 log = j- log 

“ Vi Y ^ Ih 1-^ ^ 22 


i’2 = 2-338^1 

O-i 

Ti ( 71 - 6 / i-464 


0-368 


T 


2 


273 + 10 
1-404 


= 223^ C. abs. or U = - 50^ C. 


Example 14. A mixture of petrol vapour and air at 100® C. is to be 
compressed adiabatically to a pressui*e sufficiently high to produce self 
ignition. Find this pressure if the ignition temperature is about 430° C. 
Take y = 1*4. 


Here 


\Tij 

P 2 _ /273 + 430\H 
Pi “ d73 + 100 ) 


For = 14 Ib./in.^ abs. this gives p 2 = X Ib./in.^ abs. 

In practice, the compression pressures are not so high as this, since it 
is necessary to avoid the possibility of pre-ignition. Also at certain 
parts of the cylinder walls the gas temperature may be higher than 
that calculated above. If the initial temperature is less than 100° C. 
a correspondingly higher compression ratio may be used. Benzene per- 
mits of considerably higher compression ratios. 

Example 15. In a Diesel engine the air is compressed to a pressure 
which gives a temperature above the ignition temperature of the oil used. 
Find the yninimum size of clearance volume expressed as a fraction of the 
total volume behind the piston at the beginning of compression. Also 
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find the maximum compression pressure. Take the required final tem- 
perature as 860° C. and the initial temperature as 100° C. (y = I*!). 


Since 


we have 


'''’i 



/273 + 850\n 
(^273 + 100/ 


16-73 


or iq = 0-0636^1 

i.e. 6-36 per cent of the total volume, 

or 100 — = 6-8 per cent of the stroke volume. 

Vi - V2 14-73 ^ 

Again, since = 15-73 X 3-01 = 47-4 

Pi ‘^ 2 ^ 1 

we have, with 2h “ Ib./in.^ abs., 

2)2 = 12*8 X 47*4 — 6051b./m.^ abs. 


GENERAL p V CURVES. POLYTROPIC CHANGE OF STATE OR 
CHANGE OF STATE WITH CONSTANT SPECIFIC HEAT 

' ' If a gas be compressed and at the same time gives up heat to the 
cylinder walls, the total absolute work is always converted to heat. 
From the general energy equation for compression, 

Q = “ ^i) ~ (P^g^ 9^) 

we have AE — -Ti) - Q 

When heat is removed, Q is negative, so that 

AE = c,{T2 - T,) - (- G) = 0,(^2 -T^) + Q 

or, the sum of the new supply of heat to the gas - T^) and the heat 
carried away G, is equal to the heat equivalent of the work done on the 
gas AE. 

The shape of the ^ V curve given by different types of compression 
merely depends on the proportion of compression work remaining as 
heat in the gas, and the proportion of heat carried away by radiation or 
conduction. In isothermal compression, the whole of the compression 
work is transmitted to the cooling water as heat, while in adiabatic 
compression it remains in the gas. Both pressure-volume curves are 
thus different. 

With cooling the curve lies below the adiabatic, as shown by AB^ 
and AB^, in Fig. 52. It is only when the heat withdrawn is equal to the 
absolute work of compression that the compression curve coincides with 
the isothermal AB^. 

If the cooling is sufficient, the temperature may drop continuously, 
in which case the curve AB^ is obtained. 

If, during compression, heat is supplied, the resulting curve is as 
shown by AB^. A curve such as AB^ is also possible, as, for example, in 
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the case of a cooled tui^bo- blower, where the gas is heated internally by 
friction and turbulence and at the same time gives up heat to the outside. 

In expansion, with heat supply and temperature decrease {T^ < T^, 
the whole of the heat supply Q, together with the internal energy of the 
gas c^,{T^ - T^ is transformed to mechanical work. This follows direct!}^ 
from the energy equation applied to expansion 

AE = Q 4“ ^v^Tx-T^ 

Here again, the pF curves depend on the proportion of work due to 
the external supply of heat, and the proportion due to the internal 
energy of the gas. When the whole of the work is developed at the 
expense of the internal energy, the resulting pF curve is an adiabatic, 
while, if the work is obtained from the external heat supply alone, the 
resulting curve is an isothermal AB^ (Fig. 53). For a heat supply less 




than that necessary for isothermal expansion, the pF curve AB^ lies 
between the isothermal and the adiabatic. 

If sufficient heat be supplied to cause the temperature to rise during 
expansion, as occurs, for example, in the case of the Diesel engine vith 
expansion at constant pressure AB^, or with after burning in the gas 
engine AB^ or AB^, the pF line lies above the isothermal ABi. 

Writing the energy equation in the form 

AE = Q~c,(T,-Tx) 

shows that, in addition to performing the work AE, the heat Q is used 
to increase the internal energy of the gas by the amount c^iT^ - T^). 

If, finally, heat be extracted during expansion, the pressure line 
AB 2 falls below the adiabatic. 

The curves are considerably simplified if, during any change of state, 
it be assumed that the proportion yjQ of the heat supplied, which serves 
to increase the internal energy of the gas, remains constant throughout 
the change. The remainder (1 - yj)Q is converted to work. 

This, then, gives 

^ y^Q ~ ^1) 

Of c{T,^-T^) . . . ( 137 ) 


9— (5714) 
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c 

The constant value c = can be called a “ specific heat,’’ since it 

W 

is the heat necessary to raise the temperature by C. In the special 
case considered here it is regarded as constant, but for the general case 
it is variable and depends on the temperature level, since the specific 
heat varies with temperature. 

The shape of the pV curve is easily determined by combining the 
energy equation with the characteristic equation. 

Thus, since Q = “ ^i) + 


we have 

AE ==''^{T,-T^)-c,(T^-T^) 



= {c-c,){T^-T^) . 

. (.138; 

But 



hence 

E = 


or, with 

*4J? = Cj - 




. (139) 

For this case, therefore, the pV curve has to satisfy the condition 
that the work E, between two ordinates must equal the differ- 

^ Q 

ence of the rectangles and P 2 V 2 , multiplied by — . Hence it is 

a curve of the same type as the adiabatic, i.e. a hyperbola following 
law 

where n takes the place of y. 

As shown on page 106, the area below a curve ' 

of this type is 

or, with 

= RT^ and P 2 V 2 == RT 2 



„ -EI', /, TA 


In finding n, 

we can thus use the relation 



~ 1 c^- 


from which 

o^-c 

n = 

c., - c 

. (143) 

and 


. . (144) 
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The temperature ratio is found from 

'Ll 

Tx TxVi 

or with ~ 


n ~ 1 



and the temperature rise is thus 

n~l 



(145) 


(146) 


The expression for the work done, as given by equation (141) is 



The ratio of the heat supplied to the absolute work is, from equations 
(137) and (138), 


Q. __ c __ y ~ 
EA c~ y - I 


(148) 


Special cases of polytropic changes. The previously considered changes 
of state can be regarded as special cases of pohdiropic expansion or 
compression. 

Thus, from the equation 

2 jv^ = constant 

we have, 

with 71 = 1 pv = const, (isothermal) c = i 

n zz=z y const, (adiabatic) c = 0 

u = 0 p = const, (const, pressure) c ^ 

71 = V ~ const, (const, volume) c = 

Figs. (54) and (55) show these cases along with a number of inter- 
mediate cases. 

In internal combustion engines, air pumps, compressors, etc., the 
changes of state are neither adiabiatic nor isothermal, but in many cases 
these changes can be represented by a polytropic curve, with sufScient 
accuracy for tentative calculations. 

The value of the index n is conveniently found by the following 
logarithmic graphical method. 

From p^;^ = C 

we have log p + n log v = log C 
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Hence, if the values of log p are plotted to a base of log v values, the 
points obtained will lie on a straight line, provided no change occurs in 
the value of n. The ecjuation can be written 

2/ + «x = Cl ^ 

so that with x — 0, yQ = C^^ and with y — 0, = — 

Ti 

Cl = 2/o = ^^0 giving n = y^\x^ 

The points, shown in Fig. 56, were obtained from an expansion line 
taken from a gas engine indicator diagram (Fig. 58). They do not lie 



exactly on a straight line, so that the expansion curve is not a true 
polytropic. The mean straight line through the points is shown dotted, 
and gives a mean exponent value of = y^jx^ = 1-32. Any scale may be 
used in measuring the points on the field ; for example, ^ and v may 
be measured in inches and used thus in log p and log v. 

ADIABATIC CHANGES OF STATE WITH LARGE 
DIFFERENCES IN TEMPERATURE, PRESSURE, AND VOLUME 

The adiabatic change of state was considered on page 106 on the 

assumptiou that the ratio - = y and the specific heats Cj, and were 

constant. This assumption is justified up to a few hundred degrees 
centigrade only. 

If, however, the temperature changes are of the order of 1000° C. or 
more (as in gas or oil engines), the formulae already given are inexact, 
since y decreases as T increases, as shown by the relation 

y = y^~aT 
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For diatomic gases and gas mixtures between 500° and 2000° C. we 
have, from page 53, 

y. = 1-41 and „ = 

and for pure products of combustion (i.e. no excess air) 
yo = l-36anda=j^ 

When the changes of state occur at high temperatures with only a 
few hundred degrees centigrade change in temperature, the value of y 
may be regarded as constant, but its value is considerably lower than 
that at moderate temperatures (see page 60). Thus, with products at 



2000° C., we have y = 1-24 (in place of T4) and the adiabatic curve is 
less steep at this high temperature. 

The effect of the variation in the value of y on the p T'’ adiabatic curve 
is shown by the following construction. 

For an elementary adiabatic change of state we have (page 107) 

d2)/dv = 

It does not matter here whether y is variable or constant, since the 
equation refers to an instantaneous state corresponding to the tem- 
perature. 

The equation gives the tangent construction explained on page 107. 
Let AB (Fig. 57) be an adiabatic for a constant value of y = 1*4. The 
adiabatic for products deviates from this. Thus, at A, where t = 2500° C., 
y == 1*24, and at B, where t = 1100° C., y == 1-30. The adiabatics for 
products, at A and B, as shown by the tangent construction, are not so 
steep as with y == 1-4, so that the whole of the adiabatic for products 
lies above the original curve = C) and cannot be drawn accurately 

from it, owing to the variation in the value of y. 
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For the same reason, the equation 

^ V^oj 

does not give the change in temperature corresponding to a change in 
volume. In this case, however, the following simple method applies. 
From the energy equation 

dQ = c^dT -h Apdv 

we have, with dQ = 0 

dT ___ Ap 
dv Cy 

JR>T 

Eliminating p by means of p = — 


gives 
and since 


or, since 


giving 
Now, 
so that 


^ __ AET 
dv c^v 


4^ 

C/yj 


7 - 1 (page 100) 


dv ^ V 


7 = 

^ _ 

dv ~ 


Yo-aT 

-(7o-l-ar)^ 


dT _ dv 
r(yo-i-ar) -"V 


1 

T{y,-l-aT) ~ 

^ , adT 

T 7 q - 1 - aT 


Yo- 




-(yo-1) 


dv 


^ 

l-aT) 


Integrating between the limits Vq, Tq, and v, T, gives 


T 

iog.^-loge 

.L 0 


Yo-l-aT 
yo-1 - “^0 


-(yo-l)log,^ 


Replacing by common logs and grouping gives 



(yo - 1 - gfo) ) 

iro-l-aT) ] 


(yo-i)iogj 


T (yo-l-grp) /^o\yo-i 

T,{y,-l-aT) - [v ) 
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so that 


T {yo-l-aT,) l^i 

To{yo-l~aT)] 


Conversely, 

Finally, since — = 

^ P %T 

the equation of the pv curve is 

?? = (i--^ \ 

P I yo-i; 


Uy 


“^0 
yo- i 



/^o W’ 
\yo-iAo 


(149) 

(150) 

(151) 


The absolute gas work follows from the general energy equation for 
gases (page 121). 

[CX{T-T,)+AE 

where (C^)o' is the mean specific heat between T^ and T. 

With Q = 0 the equation is 

1400 (0,)o'(n-^) .... (152) 

or E == 1400 (Q Jo' 


where {Q^)o' is the amount of heat necessary to raise the temperature of 
the gas from Tq to T, at constant volume. Its value can be read from 
Chart I when t is calculated. 


The simpler equations obtained previously for 

found directly from those given above, if a = 0, 
{C^)q = = constant. We then have 


V 7) T 

— , — , and E are 
*’o Po A 

i.e. y — constant and 


T 



?o 



and E = 1400 c JTo - T) 


The above equations are used in finding the ideal pressure volume 
curves, the temperature changes, and absolute work in the case of 
adiabatic expansion of hot products in a gas or oil engine. From the 
above it is seen that the expansion line is not likely to coincide with that 
given by the usual law — C, On account of the high temperatures 
the exponent will be considerably less than 1-4 and must vary during 
expansiom 

Example 16. Air at 100° C. and 12*8 Ib./in.^ abs. is compressed adia- 
batically in a Diesel engine cylinder, which has a compression ratio of 
15*73. Find the values of the pressure and temperature at the end of 
compression when the variation of the specific heats with temperature is 
taken account of. Also find the absolute work of compression and its 
heat equivalent. 


From 


= fi ^ I “^0 

V yo-i/W 
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we have, with 


so that 


yo 

'Eo 

T, 


= 1-41 and a = 


Ji-S 

lOO'OO 


0-9545 

{15-73pi 

100 + 273 
0*354 


+ 0*0455 = 0-354 
= 1051° C. abs. or = 778° C. 


The compression pressure is 




PqVqTi _ 12*8 X 15*73 
" 0*354 


= 568 lb./in.2 abs. 


From Chart I the compression work, in heat units, between Iq = 100°C. 
and = 778° C, is (Q,)o' = 10-5 C.H.U./ft.^ at S.T.P., or 

10*5 X 1400 = 14,700 ft. lb./ft.3 at S.T.P. 


In Example 15, the values, found on the assumption of constant 
specific heat, were — 850° C. (i.e. 72° C. higher) and pi = 605 Ib./in.^ 
abs. (i.e. 37 Ib./in.^ higher). 

The effect of the variation in specific heat on the temperature and 
pressure is thus appreciable in this case. Fig. 178 shows the difference 
between the two pv curves. 

Example 17. The effect of the variation in during compression in 
gas engines, with normal compression ratios (up to about 8), is slight. 
The diagram of a gas engine having a compression ratio of 6*84 is shown 
in Fig. 58, If the initial temperature is assumed to be 98° C., the tem- 
perature ratio with adiabatic compression is 1/0-4716, which gives 

== 770° C. abs., or ti = 497° C., and the pressure ratio is 14-5/1. On 
the assumption of constant specific heat and y — 1*4, the values are 
= 509° C. and a pressure ratio of 14-72/1. As shown by the diagram, 
the final pressures practically coincide. 

The calculated compression line, which starts at the point a and is 
shown dotted, lies slightly below the diagram line. The adiabatic line 
Avith y — constant =1-4 coincides almost exactly with the latter, which 
shows that the cooling effect is negligible. It appears that heat, contained 
previously in the walls, is transmitted to the gas during compression. 

Example 18. In the case of the gas engine of Example 17 (Fig. 58) 
the gases increase in volume from J. to B in the ratio 3*5 : 1. Find the 
ratios of the adiabatic pressure and temperature drops between A and B. 
Show the adiabatic expansion curve in Fig. 58. 

The temperature Tq at A is calculable from the characteristic equation 
and the temperature T' at the beginning of compression. This gives 

'ipv 

The value of is found from the diagram and equals 5-4, so that 
Tq = 1750° C. ahs. (for t' = 50° C.). 
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Equation (150) gives, for the temperature ratio between A and B, 

■ 4- 

Yr 


— “ = ( 1 
T 


1/ yo-1 


As shown on page 60, the following values apply to the products of 
combustion of illuminating gas, 

0*55 


yo = 1*36 and == 


10000 


A more accurate estimate of (page 8) is then given by 


Tq = T' ~ and taking 

p V Mf 


-^0 

R. 


1 

a 


1 

0-95 


1750 V 1 

gives To = ^ = 1840° C. abs. or = 1567° C. 



nT 

P±A == 0-281 
ro-1 

p = (1 - 0-281 )3-6"-3« + 0-281 = 1-409 

jp _ Tvq _ 1 _ 1 

^ ~ ““ 1-409 X 3-5 ■“ 4^ 

As given by the diagram, the pressure ratio between B and A is 

D* i 

The final adiabatic temperature at J5 is = 1306° C. abs., ot t = 
1033° C. 

The adiabatic points have been located in the diagram in the same 
way. The line thus obtained lies very close to, and above, the diagram 
line (the highest expansion line in the group of expansion lines shown 
on the original card). From this it is obvious that the cylinder cooling 
has only a slight influence on the course of the expansion curve. 

If the adiabatic were to follow the previously assumed law = C, 
the line of the indicator diagram corresponding to the exponent 1-2 
to 1-3. would show a large heat flow to the gases, which could only be 


This now gives 
and 

Hence, 
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accounted for by after-burning throughout the entire expansion. It is 
now known, however, from the latest specific heat values, that the value 
of y for the products is not 14, so that this conclusion regarding the heat 
flow is invalid. After- combustion occurs chiefly in the neighbourhood 



of A, where the actual exponent (1*22) is slightly smaller than the adia- 
batic (1*26). No after-burning occurs beyond this, since the true adia- 
batic lies above the diagram line. The effect of cooling is thus apparent. 
The no-load card, shown in Fig. 59, is taken from the same engine and 
shows similar conditions, although the after-combustion is somewhat 
prolonged. 

The indicator card of a 40 h.p. Diesel engine is shown in Fig. 60. 
The exponents, found graphically by the tangent method, are about 145 



in the earlier part of the compression curve and, due to the increased 
temperature (and to cooling), drop to about T36 near the end. The 
exponents for the expansion curve are considerably smaller for all loads, 
amounting to about 1*26 at the lower part of the curve and varying 
from T16 to T18 at the upper part, where the temperatures are in the 
neighbourhood of 2000° C. These latter values are not quite the same 
as the adiabatic, due to the cooling effect and incomplete combustion, 
as well as partial dissociation and continuous re-combining of carbon 
dioxide during expansion. (See page 345 regarding the abnormal form 
of the combustion line.) 
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Miinziger [Dissert., Berlin, 1913), in testing a small (15 h.p.) Diesel 
engine, found that, during expansion, the exponents continuously in- 
creased during expansion at aU loads. The values obtained at full load 
increased from about 1*1 to 14, while for light loads they increased from 
about 1*35 to 148. The mean compression value obtained was 144. 

Regarding tests carried out on nine different Diesel engines, varjdng 
from 30 to 150 h.p. per cylinder, see an article in Z.Vd.l. (1916), page 
276, entitled “ Uber den Verlauf d. Verbrennung im Dieselmotor,” by 
Weisshaar. 


HEAT DIAGRAM AND ENTROPY OF GASES 

The quantities of heat which are given to, or taken from, a gas during 
any change of state can be represented by an area in the same way as 
work is represented on the pressure- volume field. To do this, a new^ 
magnitude, called entropy, has to be introduced. 

The amount of heat contained in 1 lb. of a substance is determined 
from its temperature and specific capacity (i.e. specific heat) for heat. 
The determining quantities of the heat, so far as substances are con- 
cerned, are thus the temperature and the specific heat. For any small 
change of state of 1 lb. of a gas the heat given up (or received) is 

dQ = cdT 

but, in this, c is a magnitude which depends both on the kind of gas and 
the nature of the change of state. The expression becomes perfectly 
general, however, if in the energy equation dQ is replaced by cdT . thus 

dQ = c^dT -[- Apdv 


so that 


From the characteristic equation, we have 
pdv + '^diy — RdT 
so that c = + AR ■ 


dv 

In this expression, depends on the particular gas and dp;dv on the 
particular shape of the pv curve (direction of the tangent), so that c 
depends on both. 

The values of c could now be plotted to a base of T, in which case 
dQ — cdT would be the area between two adjacent ordinates, and the 
total heat Q would be the complete area between the ordinates at the 
considered temperature limits, exactly as in the case of mechanical work. 

This method, however, would only be suitable for changes of state in 
which the specific heats were constant and finite (i.e. = constant, 

= constant, and c = constant), and would not be applicable to 
isothermal or nearly isothermal cases. It would be cumbersome and 
impracticable in a general case and has, therefore, no application to the 
graphical representation of heat quantities, except perhaps in the deter- 
mination of Cjy and from test results. 
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A method of representing heat quantities which is applicable not 
only to gases hut also to vapours, and is of general importance, is as 
follows — 

When mechanical work is delivered, say by high pressure gases, the 
force or pressure of the gas is the true working element. The distance 
moved through, or the change in volume, is merely an essential condition 
towards the delivery of work by the force. The value of the absolute 
work is determined by the product pdv, or, in the case of a finite change 
of state, by - ^o) "with either variable or constant pressure. 

Now heat is merely a. particular form of energy, like mechanical or 
electrical energy, so that it might now be asked if there is any quantity 
in heat energy measurement which corresponds to the driving force in 
mechanical work or the potential in electrical energy. Obviously this 
quantity is the temperature, which is a measure of the intensity of heat. 
The excess of temperature above that of the surroundings is the quantity 
which determines the available mechanical energy of heat, just as the 
excess pressure of gases gives the useful work. Even the largest quantities 
of heat fail to deliver mechanical work if they are not at a sufficiently 
high temperature. 

If now the absolute value of a quantity of heat energy is to be repre- 
sented by a product, of which the absolute temperature T is to be one 
factor, corresponding to the absolute pressure in mechanical energy, we 
have the analogous expressions 

dE = jpdv 
dQ = Td<^ 

where dcl> is the elementary change of the heat energy magnitude, which 
is still unknown, and which corresponds to a distance or volume change 
in mechanical energy. 

Tor finite quantities of heat Q, which deliver work with changing 
temperature (corresponding to changing pressure), we have the analogous 
expressions 

== Praiv - -Vo) 

Q — ~ ^o) 


in which is the mean value of the varying temperature. 

The temperature T is a magnitude which is independent of the par- 
ticular properties of bodies. Substances of widely different types, when 
brought in contact with one another, come to the same temperature. 
The same applies to pressure and volume. jT, p, and v are not properties 
of bodies, such as say, the weight, or the optical, electrical, and elastic 
properties, but are, in general, characteristics of the instantaneous state 
of bodies, and are therefore called “ magnitudes of state.” The question 
now arises whether or not the magnitude <ji, introduced above, is of the 
same nature. 

The answer to this is found from the known properties of gases. 

Replacing dQ by Tdcj) in the energy equation for gases, gives 

Tdcf) ~ c^dT + Apdv 


d<j> 


cJiT Apdv 


or 


(153) 
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Replacing T, in the second term on the right, by ]-wlR gives 

^ . d'T . ^ d/V / 1 4 \ 

-^ + -4-^“ .... (lo4) 


A third form is found from 
dT 


dv dp 

V p 


T 


(equation 125) 


and 

These give 


d(l> 


AR (page 94) 

dv , dp 
V c^~ 

^ V p 


(155) 



For any finite change of state between the initial condition Tq, Vq, 
and the final condition T, v, the total change in cf) is found by integrating 
equation (154), which gives 

cf>-<j)o = log, ~+AB logA • • • (15®) 

Hence, if a gas changes from the state T^, Vq, Pq, to the state T, v, p, 
in any way, of which there are an infinite number with widely varying 
values of the addition or extraction of heat, the magnitude ^ has always 
the same value, as shown by this equation. The change in the value of <f) is 
thus a characteristic of the difference between the initial and final states, 
which may be denoted by points A and B. <f> - (f>o is thus entirely inde- 
pendent of the path traversed between A and B, so that it is clearly 
different from, say, the quantity of heat Q and the work E, since these 
quantities depend on the intermediate states of the gas between A and B. 
The quantity ^ was given the name “ entropy ” by Clausius, on account 
of the part played by this quantity when heat is converted to work. 

If the absolute temperatures T are plotted to a base of entropy values 
<!>, the resulting diagram is called a “ heat diagram ” {T(f> diagram) or 
“ entropy diagram ” (Fig. 61). In this diagram the elemient of heat dQ, 
shown shaded, is equal to Td<f>, and represents the heat absorbed or 
rejected by the gas during an elementary change of state. The heat 
supply Q, during a finite change of state, is thus represented by an area 
A'B'B"A" between the initial and final ordinates on the entropy diagram. 
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When a pressure-volume curve such as AB (Fig. 62) is given, the 
entropy equation (156) enables the change of entropy between A and B, 
or between any intermediate points, to be calculated. These values are 
then plotted in Fig, 61 as abscissae with T as ordinates, the T values 
being also obtained from AB. The resulting curve A' B' is then said to 
be ‘‘ transferred ” from the pv field to the Tcfy field. The heat supplied 
between A and B is then given by the area A'B'B"A'\ Figs. 61 and 62 
are drawn to scale, so that AB represents a change of state accompanied 
by a large addition of heat. In this diagram it should be noticed that the 
abscissa axis passes through the absolute zero temperature point. 

The expression given above for the change of entropy can be written, 
when common logarithms are used, as 

<j>~<f>0 = 2-303 (c^log-^ + AR logC) ■ ■ -(157) 

and by a simple transformation, using the characteristic equation and 
the relations between y, c^, and we have also 

== 2-303 log log . . (158) 

or (^ - (}!io = 2-303 (cj, log — + log —) . . (159) 

V '^0 Pa J 

Any one of these equations can be applied, accordingly as the T 
and V, T and p, or p and v values are known. 

Equations (153), (154), and (155) are applicable when the specific 
heats vary with temperature, but other equations have then to be used 
in place of equations (157), (158), and (159), depending on the variation 
of the specific heats with temperature. If, for example, we take the 
diatomic specific heat equation 

or c,y = (^*^0 -j- bT 

equation (154) becomes 

=a~ A- bdT + AR — 

and, on integrating, 

^ + b{T-T,) + ARlog,l' . (160) 

Applying this to 1 lb. of air for which == 0T806, b == 0*000019, 
and a = 0*1754, gives, for example, 

= 0-388 log ^ + 0-000019(2’ - T^) 

1 Q 

+ 0-158 log- . . . (161) 

% 

The validity of the conception of entropy as outlined above extends 
only to gases which follow the characteristic equation pv == RT, but the 
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specific heats may be constant or variable. In the case of these gases, 
therefore, there exists a magnitude called entropy (fi, the change of which 
d<l) (during an elementary change in state), multiplied by the instan- 
taneous temperature, gives the heat dQ given to or taken from the 
gas, or 

dQ = Tdj, 

and, for a finite change of state of any type, 

X T 

Td<j> 

j 

From this, when the change is isothermal [T = constant), 


otherwise, for any finite change of state, 



In an adiabatic change of state, dQ = 0, so that 
d(f> = 0 and ~ = 0 

This change of state, therefore, occurs with constant entropy (i.e. 
isentropic). Entropy might, therefore, be defined as a magnitude which 
remains constant during an adiabatic (reversible) change of state. 

This conception of entropy and the temperature-entropy diagram 
explained below can be applied to the processes in compressors, air 
motors, and internal combustion engines, provided the characteristic 
equation pv = RT apphes to the working substances in these machines. 

The application of the conception of entropy to substances such as 
liquids, solids, and vapours, which either fail to follow the characteristic 
equation or follow it only approximately, is somewhat difierent from 
the above and involves the application of new principles. It is not 
possible to establish an expression for the entropy function from the 
general characteristic equations for these substances, since the equations 
are known only approximately and within limited regions. Actually, of 
course, the conception of entropy is applicable to substances of any kind 
and in any state, in the same way as is the energy conception. But, in 
order to do this, we require to be familiar with a new universal property 
of heat, the expression of which is the second law of thermodynamics 
(page 154). In the case of gases this law^ is already embodied in the gas 
law pv = RT, although this, at first sight, is not apparent. 

PRINCIPAL STATE CHANGES ON THE DIAGRAM 

1. Isothermal change of state, [T ~ const.) If the temperatures, 
i.e. the ordinates of the entropy line, are constanli, the change of state is 
represented by an horizontal straight line A'B' (Fig. 63). 

The amount of heat added during expansion is equal to the rectangle 
below A'B\ or 
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In the case of compression the same quantity of heat 


has to be withdrawn. 

The change of entropy between the two states A and B is, from 
T 

equation (156), with logg ^ = 0, 




Expansion. 


44-nx 

Compress /on, 




4 ’ 


Fig. 63 



(fy-To = logg 


or, with 




This gives 


Q 


'h 

p 

AB log 
ART log, 


■<p or, with 


2JV = 


P 

n 

P 
RT 
Po 


Q = A2)oV(, log,^ 


respectively. From the entropy equation for a gas 

dT 


as already given on pages 104 and 105. 

2. Adiabatic change of state. (Fig. 64.) 
In this case dQ = 0, and since dQ = Tdcj), 
dcj) is also = 0 and ^ = 0, or the 

entropy remains constant and the change 
is therefore said to be isentropic. 

This is represented on the T(j> diagram 
by a vertical straight line, which corre- 
sponds to the adiabatic pV curve in the 
work diagram. It serves to indicate 
the increase or decrease in the tempera- 
ture, due to compression or expansion 


dcj) 


T 


V 


we have, with 


dj(j) = 0 , 

dT = - 


x4i^y dv 


so that if dv is positive (expansion) dT is negative, and cooling occurs, 
whereas if dv is negative, dT is positive and heating occurs. This result 
was obtained in a different way on page 106. 

If the specific heats are constant the law of expansion of the pv curve 
follows from f n v 

2-303 ( log f + Cj, log - 

\ jTO ^0 

by putting ^ = 0, which gives 






THERMAL PROPERTIES OF GASES 


129 


or, since 


c * 




i.e. 


= constant (see page 107) 


In the same way, from the two other expressions for entropy, we 
obtain the relationships already deduced on page 108 


T 


yjil ^ 

7 1 ^ 

and ^ = 


y-l 


3. Change of state at constant pressure, (p = const.) The general 
equation 

^ - ^0 = 2-303 c,, flog-^ + y log 

\ Po h 


becomes with p — Pq or log = 0, 

Po 


or, with 


, - = 2-303 c.p log — 

T 

^-cf>o = 2-303 Cj, log ™ 


Hence in the Tcf) field this change 
of state is represented by a log- 
arithmic curve A'B' (Tig. 65). The 
area below A'B' represents the heat 
added during the change of state, 


4. Change of state at constant volume, {v = const.) In the same way 



as in case 3, we have, with log — = 0, 


or, with 


6 - 6 q = 2-303 log “ 
Y ro ^Pq 

P_ _T_ 

Po ^0 

0 - ( 5^0 = 2-303 log ^ 


This change of state is again represented by a logarithmic curve 
A'C' on the Tcf) chart. The abscissae of the curve v = constant are 

10 — ( 5714 ) 
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c i 

smaller than those of the curve p = constant in the ratio — = - at 

^3) y 

the same temperature levels T, when both curves start from the same 
initial point A. The curve v = constant is thus steeper than the curve 
p = constant. 

The heat added Q = c^{T ~ is represented by the shaded area 
below A'O' . 

5. Polytropic change of state. In this change of state, which also 
includes the four special cases already considered, the quantities of 
heat Q given to, or taken from, the gas are proportional to the temperature 
changes, or, what amounts to the same thing, they occur with constant 
specific heat c. As shown on page 113, 

or, for an elementary change of state, 
dQ = cdT 

so that the change in entropy is 



cdT 

T 


From this, as in cases 3 and 4 above, we have 
^ - ^0 = c ^ = 2-303 c log 

The value of c is given by (page 1 14) 
n- y 

/% /I 


where n is the exponent of the poly tropic curve. 

The representation of any polytropic change of state which follows 
the law 

constant 

is accordingly a logarithmic line on the T(f> diagram, like those of constant 
volume or constant pressure. 

The entropy curves, drawn through a definite point, for any poly tropic 
changes are distinguished from one another by the subtangent measured 
on the entropy scale. This is a maximum c = d: ^ iox the isothermal 
change (n = 1), so that the logarithmic curve becomes an horizontal 
straight line. The least value is c == 0 with n = y (i.e. an adiabatic 
change), and the logarithmic curve is then a perpendicular line. For the 
other cases the changes of state' are represented by curves having slopes, 
which depend on the proximity to the isothermal or adiabatic changes 
of state. 

For relatively small changes, to which the law = G applies, with 
values of n between 1 and 1*4, the logarithmic lines are inclined and 
almost straight. Their direction is that of the tangent to the curve at 
the initial point, and the inclination of this tangent to the <!> axis is 
equal to dTld<i>. 
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vSince ^ “ y’ follows that the projection of the tangent to the 


cf) curve on the axis is eq^ual to the specific heat c, since the small triangle, 
with the sides dT and dcj), is similar to the large triangle having the sides 
T and the subtangent (Pig. 66). This relationship holds not only for 
polytropic but also for any other change of state. It is only in the case 
of the polytropic, however, that the value of the subtangent (c) is 
constant at all points. 


INTERNAL ENERGY, SPECIFIC HEAT, AND ENTROPY OF 
GASES AT HIGH TEMPERATURES (Based on the Kinetic Theory) 

According to the older conception of the kinetic theory of gases, the 
internal energy of a mass of gas consists of the sum of the kinetic energies 
of the gas molecules. In the case of the 
monatomic gases the motion of the indi- 
vidual molecules is purely translatory and 
consists of zig-zag movements in the three 
directions of space (three degrees of free- 
dom). In the case of polyatomic gases 
the rotating motion of the molecules round 
the three axes of space has to he added to 
this (two degress of freedom for diatomics 
and three degrees for polyatomics). The 
energy due to the rotation of the atom 
about its own axis is too small to be con- 
sidered. The total internal kinetic energy 
is proportional to the temperature and 
divides itself uniformly over the different 
degi'ees of freedom. Por the same tern- h'lo. 66 

perature it is greater for polyatomic gases 

than for monatomic gases, due to the additional kinetic energy caused by 
the rotation of the molecules, and greater for triatomics than diatomics, 
as is confirmed by test. Taking as the energy increase due to transla- 
tory motion, and I ^ the energy increase due to rotating motion, the 
theory gives, for the internal energy of 1 mol. of any gas, 



L + I 


R 


where n is the number of degrees of freedom and R = 1*985 is the universal 
gas constant in heat units. If 1 mol. of a gas be raised in temperature by 
an amount dT at constant volume, the heat supplied to it from outside 
is dQ = G^dT, and this heat raises the internal energy by an amount dly 
which is used to increase the speed of the molecules. We have, therefore, 

dT = dl 


and hence 


dT 



For the monatomic gases, therefore, with m = 3, 
= f X 1-985 = 2-978 (about 3) 
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for the diatomic gases, with n ^ 5, 

C., I X 1*985 = 4-96 (about 5) 
and for the triatomic gases, with n — 6, 

6*^ = I X 1*985 -= 5*955 (about 6) 

From this, the specific heats of all these gases should be independent 
of temperature and should agree with the values stated. The values 
obtained by calorimetric test for monatomic gases agree almost exactly 
with the above, and nearly so in the case of diatomics at normal tem- 
peratures. For the triatomic gases H 2 O and CO. 2 , the measured specific 
heats at 0*^ C. are about 6*2 and 6*7 respectively, and thus are not greatly 
different from the theoretical values. 

It is known now that the specific heats of diatomic gases increase 
with temperature, and the increase is still more pronounced in the case 
of triatomic gases. The older kinetic theory fails to explain this increase. 
If, however, it is assumed that the atoms in a molecule are in a state of 
vibration caused by their mutual forces and their masses, the reason for 
the increase in specific heat with temperature becomes apparent, since 
the atoms are then capable of absorbing additional energy. This amount 
of energy is, however, small compared with the translatory and rotating 
energy at moderate temperatures, and less still at very low temperatures. 
At high temperatures, however, it becomes of more importance, since 
its increase is more rapid than would be the case if it were merely pro- 
portional to temperature (like the other increments of energy). 

For the vibratory energy of a molecular “ oscillator ” of this type, 
Planck’s quantum theory of light, which was first applied by Einstein to 
the energy absorbed by solids, gives 

R = E (C.H.U./mol.) . . (162) 

e^-1 

where ^ == 4’865 X 10'^^ is a universal constant,* and v is the specific 
number of vibrations per second of the atoms in the molecule, has 
the significance of a temperature. 

If now this value be added to the internal energy increase, the corre- 
sponding increase in specific heat is 

■“ dT 

dv 

" C. “ _ / (t') . , , ,163) 

e^-1 

h 

* jS = where h is the Planck quantum element and k = -^ (N == number of 
molecules in 1 mol.). 
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From this, the total true molecular specific heat at constant volume 
for diatomics is 

A- f{^~\ (164) 


and, since 0^~C^ = 1*985 

the corresponding specific heat at constant pressure is 


The internal energy per mol. above that at C. is 

I = 4-96* + 1-985 (165) 

tfv 

^-1 e-‘-^-l' 

and the corresponding total heat per mol. above 0"^ C. is 

H = 6*95i5 + 1*985 , (166) 

In these, we can take (K. Wohl), 
for Ng pv == 3340 (3800) 

and for Og = 3220 (2540) 

The mean molecular specihc heat values between 0^ C. and f C. are 
given by 1 , r, H 

^ vm ^ and (y ^ 

The values of 1 and II per ft.^ of gas at S.T.P., and the specific heats 
C\ and Cp for the same mass of gas, are found by dividing 1 and H, and 
and Op by 359 respectively. 



Internal Energy above 

C.H.U./ft.s 




smpera- 

0° C., Based on the 

at S.T.P. 

! Entropy 

1 


re C. 

Kinetic Theory 

From the 

No 

1 

1 



C.H.U./ft.3 

New Tables 


i 




O, 



C.. 


0 

0*0 

0-0 

0-0 

0-0000 

1-400 

4-96 

100 

1*3853 

1-410 

i-398 

0-0043 

1-400 

4-97 

200 

2-783 

2-895 

2-820 

0-0076 

1-39G 

5-00 

300 

4*206 

4-405 

4-249 

0-01023 

1-385 

5-16 

400 

5-660 

5-997 

5-691 

0-01267 

1-374 

5-30 

500 

7-145 

7-694 

7-176 

0-01460 

1-364 

5-46 

600 

8*711 

9-348 

8-611 

0-01635 

1-353 

5-62 

700 

10*290 

11-088 

10-109 

0-01797 

1 1-344 

5-77 

800 

11*925 

12-848 

11-606 

0-01947 

1-337 

5-90 

900 

13-553 

14-620 

13-291 

0-02103 

1-331 

6-00 

1000 

15-282 

16-455 

14-976 

0-02246 

1-325 

6-11 

1200 

18-757 

20*037 

18-221 

i 0-02496 

' 1-316 

6-2tf 

1400 

22-233 

23*793 

21-528 

0-02702 

' 1-310 

6-40 

1600 

25-846 

27*512 

24-898 

0-02864 

1 1-305 

6-50 

1800 

29-503 

31*294 

28-330 

0-03026 

i 1-302 

6-56 

2000 

33-166 

35*056 

31-886 

0-03170 

1 1-300 

6-63 

2200 

36-835 

38-888 

35-506 

0-03301 

^ 1*298 

6-67 

2400 

40-635 

42-644 

39-250 

0-03426 

1-296 

6-72 
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The calculated values of I, as obtained from equation (165), are given 
in the table on page 133 for temperatures ranging from 100° C. to 
2400° C. Tor the purpose of comparison the energy values obtained by 
the latest calorimetric and explosion tests are also given. In Fig. 67 
the values for N;. have been plotted. 

K. Wohl and G-. v. Elbe found, for gaseous steam between 18° C., 
and f C., 

= 5*96(25-18) + E(22m) + 2E{5370) . . (167) 



in which E{22SQ) and E(5^10) are the values of the vibration energy 
(equation 162) for /5r = 2280 and = 5370. This formula shows close 
agreement with the mean specific heats of steam in the neighbourhood 
of 2000° C., as found in explosion tests by Wohl and v. Elbe, and also with 
the Munich values of the specific heats for low pressures and temperatures 
up to 550° C. (Fig. 20). 

In the case of oxygen the calculated values of I (as given by the 
kinetic theory) have not yet been confirmed by test, and these values 
are considerably higher than those of Ng, especially at high temperatures, 
where the differences range from 3-3 to 8-6 per cent. 

The table given below shows the true and mean molecular specific 
heats and (between 273° C. abs. and T) for various gases, as 
determined by K. Wohl,* and are based on the latest values as given 
here. 

* Communicated by the Phys. Chem. Lab. of Berlin University (29th November, 
1929). See also Zeit. /. T&ch. Phy., Bd. 10, Nr. 12. W, Nemst and K. Wohl. 
“Spezifische Warmen bei hohen Temperaturen.’* 
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HCl 


CO 


Cl, 

6130 1 

4130 1 

3800 1 

3070 

2540 

810 


CO, 

i 

HoO 

NH 3 1 CH, 

1 


Twice 

Once 

Once 

Once 

Twice 

Once 

Twice 

Twice 1 Once Vr,- ^ \rp- ^ 

\ 1 Times Times 

i '■ I 


960 

1830 

3280 

2280 

1 

5370 

1340 

2330 

4800 6400 j 2000 4350 

' i 


TRUE AND MEAN MOLECULAR SPECIFIC HEATS OF DIAT03IIC 
AND POLYATOMIC GASES, BY K. WOHL 



abs. 

273 

373 

473 

573 

800 

1,200 

1,600 

2,000 

2,400 

2,800 


H2 

4’82 

4-96 

4*97 

4-98 

5*04 

5*34 

5*72 

6*05 

6-31 

C-54 

True molecular 
specific heats at 
constant volume 

HCl 

4-07 

4-98 

5*0{) 

5*01 

5*31 

5*82 

0*20 

6*45 

6-62 

6*73 

N, 

4*97 

4-98 

5*05 

5*16 

5*51 

6*05 

6*36 

6-55 

6-66 

6*73 

C.H.U./mol. 

00 

4-97 

5-00 

5*09 

5*23 

5*66 

6*11 

6*41 

6*60 

6*70 

6>76 

O2 

5-00 

5*15 

5*38 

5*61 

6*05 

6*47 

6*66 

6*76 

6*81 

0*8,5 


Cl.. 

5'97 

6-32 

6*53 

6*65 

6*79 

6*88 

6*91 

6*92 

6*93 

0*94 


CO.. 

6-63 

7-70 

8*61 

9*24 

10-87 

11*50 

12*02 

12*31 

12*48 

12-60 


HoO 

5-99 

6-11 

6*34 

6*60 

7-28 

8*37 

9*31 

9*99 

10*46 

10*79 



6-38 

7*01 

7*65 

8*46 

9-97 

12*2 






CH4 

6-38 

7-59 

9*21 

10*48 

13-7 

17-6 



i 



H2 


4-91 

4*93 

4*94 

4-97 

5*06 

5-21 

i 5*36 

1 5*52 

i 5*66 

Mean molecular 
«p®ciftc heats at 
•‘Oii.'ianr sol'imi 

HCl 


4*97 

4*99 

5*00 

5-06 

5*25 

5-49 

5*69 

' 5*85 1 

5-98 

N 2 


4-97 

4*99 

5-03 

5-16 

5*43 

5*67 

5*85 

; 6*00 ! 

6*11 

i>; I \CvrC]l -iTo 'C,. 

CO 1 


4-98 

5*00 

5*06 

5-22 

5*52 

5*76 

5*93 

; 6*07 1 

6*18 

abs. and T° C.abs. 
C^^C.H.TJ./moL 

02 


5*07 

5*17 

5*27 

5-50 

5*85 

6*07 

6*22 

6*31 

6*41 

cu 


6*17 

6*30 

6*40 

6-54 

6*67 

6*74 

; 6*76 

; 6-si 

6*83 


col 


7*18 

7*67 

8*08 

8-84 

9*77 

10*37 

10*79 

! 11*10 

11*35 


II20 1 


6*05 

6*14 

6*24 

6-53 

7*09 

7*61 

j 8*10 

1 

i 8*80 


NHg 1 


6*68 

7*02 

7*39 

8-19 

9-5 



! 



CH4 


6*90 

1 

7*71 

8‘45 

10-0 ‘ 

12*7 


1 


i 


Entropy. The change of entropy when heat is added at constant 
volume follows from 


or 


Td4,^ == C^T 
GJT 


giving, for the diatomic gases with equations (164) and (163), 


e 


T 


-1 


(168) 
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Writing, temporarily, 


Bv 


= X and = log^ x 
gives, for equation (168), 


and hence 






'•2' ^ 
. T 


The integration of this gives 


.r. n?’ 


Inserting the value for x 
= di 


+ 4*96 log^ 


T 


fjv 


Bv -| 


'-eT -] 




+ 4-96 log, - (169) 


The value per ft.^ at y.T.P. is found by dividing equation (169) by 
359. This gives, along with common logarithms, 

Bv 

T , r .iSr e'^~ 


4>\ - <i>\o = 0-0318 log - + 0-00553 


0-( 


T t 

e’’ -1 

ftv 


0-01272 log (e 2’ -1) 


(170) 


The table of values (/>' ~ <f)^ given on page 133 was obtained from this 
expression with = 273° C. abs. These values, as well as those given 
by Chart I, are shown in Fig. 67. 


ADIABATIC CHANGE OF STATE FOR DIATOMIC GASES 
(Based on the Kinetic Theory Equations) 

In the case of an adiabatic change of state in which the gas obeys the 
law pv = RTy we have, from page 107, 

(L'P p 

iv ^ V 


where 


y = 


c^. 




the temperature, and 
1-985 


y = 1 -f 


1^85 
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so that, from equation 164, 

7 = 1 + 


1-985 



(171) 


The values of y for Ng, found from this expression, are given in the 
table on p. 133. They, along with the values given in Schiile’s Few 
Tabellen, have been plotted to a wide scale in Fig. 68. 



f-fo i I I I I I I I I I I 1 I I I i \ ^ 1 ^ 1 ! 1 ! 1 ^ 

0° 508^ WOO^ 1500^ 2000^ 2W0^ 

Fig. 68 


The equation = constant is thus only valid for the portion of the 
curve in which y, corresponding to the mean temperature T, may be 
assumed constant. 

An exact relationship between v and T follows from 
# = ~ (page 125) 


d(f> ~ 0 



T 


or, with 
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Integration gives, with equations (164) and (163) 

3v 

jjv e 


loge « 


2-51og,T-5, 


+ log« (e^ - 1) 


e^’ - 1 


-f- logg const. 


or V = T - “ ^ 
and since 



. const. 


(172) 


pv 

- — constant 


T 

p = — constant 

By 
T 



T Bv 


e^-l' 


p = T^-^. 




. const. 


(173) 


With constant specific heat, equations (172) and (173) give the known 
relations 


and 


or 


7 ^ 2 -5 _ constant 
p = 7^3*5 X constant 

0-4 

T /'ToY"* _ (T 
Vq 


The absolute work delivered in the adiabatic expansion between the 
states Vq, Tq, and p, v, T, is 

AE ^ lo- I 

so that, with equation (165), 


AE = 4-96{To-T) + 1*985 


/3i' 


Bv 


C.H.U . 

naol. 


This can only be solved, however, if T, the final adiabatic temperature, 
is given or calculated from equations (172) or (173), or from the Tcf) 
diagram, in which case AE can be read directly on Tig. 67 (for Ng). In 
actual technical problems, however, the values for the products of com- 
bustion are more important. Tor this reason the values of y for COg 
have been included in Tig. 68. From these, and the y values for Ng, the 
values of y for the theoretical products having the analysis = 0*21 ; 
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= 0-79 (formed in burning carbon with air) have been calculated b^' 
inserting their values in the general equation 


1 


+ 1 


ycoo 


+ 




- 1 


This relationship follows from = -yco, 


and 


y = 




These y values have also been plotted in Fig. 68, along vdth those 
given by the molecular specific heats found in Neue TabelUn, and those 
given by the linear equation on page 53. 

The y values for products with excess air lie between these lines and 
the Ng lines. 

This enables the mean value of y, over any temperature range, to be 
determined for the different products. Taking the open scale of the 
ordinates in Fig. 68 into account, it will be seen that the variation in the 
value of y, for moderate ranges of temperature, is not large. For example, 
the value of y between 2000"^ C. and 1000° C. (a probable range in the 
expansion of a gas in a gas engine cylinder) varies from T245 to 1-268, 
so that a mean value of 1*26 can be assumed, thus considerably simplif3ing’ 
the calculations. Use can also be made of the linear equation y = y^- aT 
over this range, as explained on page il7 et seq. 

The simplest method, however, is to ernplo}’ a graphical solution b}^ 
means of the Tcf) diagram, Chart I, which agrees almost entirely with the 
Ng values up to about 1400° C., as shown b}" Fig. 67. 

The above equations do not apply to polyatomic gases, which include 
therefore the products of combustion. The entropj” curves can, however, 
be drawn for these gases also, when the kinetic energy values are knovui. 
The curves are then applied in the same way as those in Chart I. 

Temperature entropy diagram for gases. In the case of adiabatic 
changes of state, the calculative treatment is comparativeh" simple, even 
when the specific heat is variable (see page 117). Since, however, the 
entropy remains constant in this change of state, a purely graphical 
method can be carried out on the entropy diagram as f oUows (Chart I) — 

In Fig. 68a the ordinates represent the gas temperatures, while the 
abscissae give the entropy values. The entropy at 0° C. of 1 lb. of gas at 
any arbitrary volume Vq and a corresponding pressure Pq is assumed to 
be zero (point A). If, from A, the gas be heated at constant pressure, 
the entropy increases with temperature, as shown b^^ the curve AB (see 
page 129). If heated at constant volume the resulting curve is AC. If 
the gas be compressed adiabatically, before the addition of heat, to a 
pressure 12^^, the temperature rises from A to A. such that 

T -^2 — ^^12 is given by ^ ^ 'j =12 

(in the case of variable specific heat, see pages 116 and 135), 
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If now, starting at the point A^.^, heat be added at constant pressure, 
the increase in entropy is shown the curve A-y^.^ “this way the 

curves of constant pressure ’’ are drawn in for the pressures (e.g. 

n = 2, 3, 4, . . .)' 

Similarly, if the gas be compressed adiabatically to j Vq, giving the 
line ADq, the temperature rises to Tq, where 


Heating at this constant volume (^Fy) gives the curve D^G^. The 
other " constant volume curves ” were drawn in this way, but account 
was taken of the variation of and y with temperature. Other inter- 
mediate volumes can, of course, be drawn in, depending on the particular 
compression ratio and degree of accuracy required. 

The application of the diagram is as follows. It is required to find, 
sa\^, the rise in pressure and temperature caused by the adiabatic com- 
pression of air at 100° C. and p = 13 lb. /in.- abs., when the volume is 
reduced to I of the initial volume. The curve Fq cuts the temperature 
level of 100° C. at a. The vertical line ad, which represents the adiabatic 
compression, cuts the constant volume curve JFq at d. The temperature 
at the end of compression is therefore 370° C. (as shown by d). In order 
to find the pressure rise, a vertical is drawn from b to the point /, 
which is at the same level as d. This point / lies on the required pressure 
line (not shown), so that the pressure is between 6 and 12 times greater 
than the original pressure. Since the horizontal distances between any 
two constant pressure curves is the same at all temperature levels, it 
follows that the distance e/, w^hen measured to the left of the mark 6 on 
the pressure scale at the top of the diagram, will give the required com- 
pression pressure. This is found to he about 6-9, so that the final pressure 
is 6*9 X 13 == 90 Ib./in.- abs. 

The absolute work of adiabatic compression is equal to the change of 
internal energy and can be found, per ft.^ of gas at S.T.P., from Chart I 
by taking the difierence in internal energies at the temperatures found 
above. 

Chart I has been drawn from, the old variable specific heat values for 
diatomic gases. The new values have been used in Tig. 67 and Fig. 68a. 

Example 19. Air at 100° C. is compressed adiabatically to 


times the original volume. Find the final pressure and temperature (when 
the specific heats are variable). 

Draw the vertical a7i ; 7i lies to the left of q by an amount which is 


measured on the volume scale between the 


points ^ Fo and Fo- 


The required temperature is then given at the point and is equal to 
780° C. In order to fi.nd the final pressure, first draw a horizontal from 
a to b (on the curve p^), and then draw a perpendicular from b to intersect 
the temperature level 780° C. at the point r, which lies on the required 
pressure curve. As measured on the pressure scale, this pressure is 45 
times greater than the initial pressure. 
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Example 20. Clases at 1700^ C. are expanded adiabatically to 3*5 
times the original volume. Find the final temperature and the pressure 
expansion ratio. 

the vertical gh. To locate h mark oii the distance between the 
points 3 and 3*5 on the volume scale, and make the distance between the 
curve 3Fo and the vertical gli equal to this. The temperature thus given 
at A is 1065® C. It vill be found convenient to draw these auxiliary lines 
on tracing paper. 

The pressure drop is found by first drawing the horizontal from g to 
the curve giving the point and then drawing the vertical from i 
down to the level through mh, giving the point k. The pressure at k 
would now^ be found by transferring the distance Ik to the pressure scale 
and measuring it off from the point pQ to the right, but this would be 
found to lie outside the chart. It is equally valid, however, to measure 
the distance to the left, which gives the point marked 5. This means 
that the pressure at the end of expansion is 4 of the initial pressure. 

Temperature entropy diagram between O'’ C. and 2300® C. for air, 
diatomic gases, carbon dioxide, steam in the gaseous state,, and products 
of combustion. (Chart I.) The basic lines in the entropy diagram are 
those of constant pressure and constant volume. When a change of state 
occurs at constant pressure, we have, for all kinds of substances, 

= c^dT (175) 

or 

in W'hich is the small change in entropy resulting from the small 
change in temperature dT 'when the pressure p remains constant. 

Integi'ation gives 


T 

Taking the entropy as zero at 0® C. gives = 0, and 

CpdT 


If, now, Cp is known as a function of temperature (for a definite 
pressure p) cl>^ can be determined either graphically or by calculation. 

In exactly the same w^ay the change of entropy at constant volume 
(reckoned from 0° C.) is given by 



In the following, the substances are assumed to be gaseous and obey 
the characteristic equation 

pv = RT (178) 

On this assumption both Cp and have a constant value at a par- 
ticular temperature, whatever values the pressure and volume may 
have, but alter if the temperature alters. 
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Further = AR 

and ~ 1-9S5 O.H.U. .... (179) 

i.e. the difference between the molecular specific heats has the same 
value for all gases. Since, therefore, the pressure and volume have no 
effect on and the entropy change between the same absolute 
temperature limits is constant along any constant volume or constant 
pressure curve. 

The constant pressure curves for different \'aliies of p or constant 
volume curves for different values of v are separated on the T<f> field, 
since, at constant temperature, the entropy changes when the pressure 
or volume changes (page 127). 

From the energy equation for gases 

dQ = dT Ajjdr 

we have, at constant temperature, 

dQ = A^Hv 

i.e. the heat supplied is equal to the heat equivalent of the expansion 
work, whether or not (or varies with temperature. 

dQ 

Now, since dQ ~ T i or dcj) = — 


the change of entropy in an isothermal expansion or compression is 

Apdv 

—rp - 


or, from equation (178), 


dcj),^ 


ARdo 

V 


Integration gives 

log^ ~ (180) 

or, with equation (178), 

log,^ .... (181) 


If, therefore, it is desired to construct the entropy curve for any 
pressure p (greater than Pq, say) from the constant Pq curve, which passes 
through 0° C. when the entropy is zero, it is only necessary to separate 
these two curves by the same horizontal distance at any temperature 
level. This horizontal distance is given by equation (181), which shows 
that the entropy for the pressure p is less than that for p^. All the constant 
pressure curves are “ congruent.'’ 

The same appHes to the constant volume curves which are separated 
from one another by the amount given in equation (180). 

It is sufficient, therefore, for a given gaseous substance, to plot a 
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single constant pressure curve {]Jq) and a single constant volume curve 
(ro) if a scale of abscissae values be added which gives the displacement 

of the curves for values of — and — . 

P ^0 

This method is particularly useful if, in the diagram, not only air and 
diatomic gases, but also COo. HoO, and mixtures of these three gas 
types, can be represented. 

A difficulty arises here, however, in that each gas requires a separate 
scale, if equal weights are assumed, since each gas has its own constant R. 
A common scale can, however, be used for all gases, including COg and 
H 2 O, if, in place of equal weights, wn choose weights which are propor- 
tional to the molecular weights 7112 , ^ 3 , ... of the gases. 

If the wnights chosen are in mols., the displacement of the lines of 
constant pressure then becomes, from equation (181), 

7ti{(j)^ - — - 771 AR log^, — (182) 

Po 

and, for those at constant volume, 

w((^rji — <^To) 771 A R logg 

From equations (179) and (182), we have, for the pressure^, 

w(</)t - = - 1-985 log^ ^ (183) 

Pa 

and, for the volume r, 

= 1-985 logg ^ (1S4) 

'^0 


The displacements for all gases having the same proportional pressure 
or volume changes are now equal, so that a single displacement scale 
suffices. 

Advantage can also be taken of the fact that the volume occupied 
by m lb- of each particular gas (at the same temperature and pressure) 
is the same (359 ft.^ at S.T.P.), so that, if weights corresponding to 
1 ft,^ at S.T.P. of the gases be adopted, a common displacement scale 

^7% 

again serves. The weight of this quantity of gas is lb. (Specific 
weight at S.T.P.) 

The change of entropy at constant pressure for this weight is, from 
equation (176), 

771 , 1 nic^ , , 

3^ ~ ^ • • • • (1^5) 

t,' I ’> 

and, at constant volume, 



( 186 ) 
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while the displacements, given by dividing equations (183) and (184) 
by 359, are 

1*985 p 

359 "" “ W9 ' ^ ’ Po 

and 

^ 0-20405 log - (188) 

The entropy curves for constant pressure given on the left of Chart I, 
and those of constant volume on the right, have been plotted on this 



basis, and are given for diatomic gases (ah), carbon dioxide, and steam. 
For a products mixture, containing these gases, the entropy curves can 
be formed from 

(j) = V(jQ^ ^HoO (^N2 “u ^ died, 

i.e. by multiplying the entropy values by the fractional volume values. 

Another method (as in the case of the total heat of products dealt 
with on pages 57 and 64) is to plot the entropy" curve for the mean 
products (with no excess ah’), either by using the specific heat of the gas 
as shown on page 58, or as a curve of pure carboii-ah products ^vith 
= 0*21 and = 0*79. The curves of products containing the frac- 
tion Va of excess air are then obtained for = 0*1, 0*2, 0*3, . . ., etc., 
by dividing the horizontal distances between the curves for air and pure 
products into ten equal parts and joining the division points. 

If an equation showing the dependence of the spectBc heat on tem- 
perature is available, equations (185) and (186) can be integrated (pages 
126 and 135). If this is not the case, as, for example, with COg, or if 
the equations are too complicated, then, from 

dT ^ 

= d log, T 


II— (5714) 
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we can write equation (185) in the form 




, 2-303 r n 


T) 


and find as the area below the curve obtained by plotting to a 
base of log, T, as shown in Fig. 69 for CO 2 . If, in place of the curve, 
the H or I curves are given, then, from 


dT = dH 


we have 




■TdH 
T 


?1.\ 



T ; 

/; 1 

T 

j 

cj ' 1 


; 1 

! / * 

''jfi 



/ 

i 

i '1 

1 

?' — u 
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and (jij, is therefore given as the area under the curve obtained when 
is plotted to a base of H values. 

See Schiile’s Neue Tabellen regard- 
ing the six entropy curves contained 
in Chart I, and page 64 regarding 
the total heat curves. 

1. Application of the chart and 
examples. In finding the temperature 
and volume changes, with an adiabatic 
pressure compression ratio rr, the chart 
is used as follows — 

Let A be the point at the initial 
temperature on the constant pres- 
sure curve of the chart (Fig. 70). 
The final state point B of compres- 
sion lies on the vertical through A 
and on the constant pressure curve 
for p = xjpQ. The horizontal displace- 
ment of this curve from the reference pressure curve is measured on 
the expansion and compression pressure scale, and can be then marked 
oS from A to give the point G^. A vertical through C-^ cuts the 
reference pressure curve at (7, and thus gives the required temperature 
t. The volume ratio is found by marking the point A' on the constant 
volume curve at the temperature level and the point C' at the 
temperature level t, and measuring the horizontal distance y between 
these points. If p be measured on the volume compression ratio scale 
with one end on the point marked 1, the other end gives the required 
volume compression ratio vjvQ. 

Example SI. Find the temperature at the end of adiabatic com- 
pression for air, pure products, gaseous steam, and carbon dioxide, 
when the pressure compression ratio is 40. 

(а) With an initial temperature of 0° C. 

(б) With an initial temperature of 100° C. 

The chart gives (see Fig. 71, left) the following temperatures for 
{a) 493, 440, 384, and 306° C. 

{b) 760, 675, 610, and 478° C. 
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It is thus seen that the differences in the temperature changes between 
ail’ and the other gases are quite considerable. 

The volume ratio shown by the chart (Fig. 71, right) is 1 21 for CO 2 
and 1/15 for air. 

Example 22. Find the temperatures and pressure compression ratios 
due to adiabatic compression for the same four gases ivhen the volume 
compression ratio is 15*73 and the initial temperature is 100° G. 



From the constant volume curves of the diagram (shown on the 
right of Fig. 71), the final temperatures are — 

775° C. for air ; 

713° C. for products TOth 50 per cent excess air ; 

670° C. for pure products; 

592° C. for H 2 O ; 
and 435° C. for COg. 

The pressure compression ratio is 44 for air and 30 for CO 2 . 

2. Adiabatic expansion. Mark the points D and D* on the constant 
pressure and constant volume curves at the initial temperature (Fig. 70). 
If, now, the pressure expansion ratio is x, so that the final pressure is 

p the point F is found on the pressure curve, such that its horizontal 

distance from D is equal to that given by the scale between the points 
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1 and or 1 and x^. This gives the required temperature The volume 

expansion ratio is found by transferring the distance ^/i from the 
constant volume curve to the expansion scale. If 2/1 be given, the same 
operation is carried out on the constant volume curve. 

Example 33. Find the temperature at the end of adiabatic expansion 
when the pressure expansion ratio is 11 and the initial temperature is 
2240^ C. 

The diagram (Fig. 71) gives — 

1170° C. for air; 

1277° C. for pure products ; 

1510° C. for steam ; 

1507° C. for carbon dioxide. 

The dift’erences between steam and carbon dioxide are less, in this 
case, since the two curves are almost parallel. 



Tig. 72 Fig. 73 


3. Transference of points from the pv field to the Tcj) field. In Fig. 72 
let AB be the ^ven pv curve. In order to transfer the curve, the tempera- 
ture at one point, say A, must be known. If this is Tq, the temperature 
at any other point, such as B, is given by 

Mark A" on the pressure curve p^, at the temperature level Tq on the 
T(f> field (Fig. 73). Mark ofi the distance, given on the expansion scale, 
corresponding to the ratio pjp, from C to B' at the temperature level T. 
The point B' then corresponds to B. In the same way any intermediate 
point between *4 and B can be transferred and the curve obtained. 



CHAPTER III 

FIRST A:N"D second laws of THERMODYNAIVnCS 

Heat and mechanical work. First law. The energy law. The early steam 
engines served to show that mechanical work could be obtained from 
heat and the amount was only limited, on the one hand, by the size of 
engine and steam pressure, and, on the other hand, by the amount of 
coal burned in the boiler. But the part played by heat, as such, in this 
production of work, and the numerical relationship between the heat 
hberated and the work performed remained unexplained for some con- 
siderable time after the introduction of the steam engine. A considerable 
amount of data was, of course, available showing the relation between 
the amount of coal burned, or steam used, and the work delivered by 
the engine, and this was of use in measuring the progress made. Improve- 
ments were found to be effected, in this way, by the use of higher steam 
pressures, increased expansion ratios, and compounding. But engineers 
were not in a position to decide what fraction of the heat given up by 
the coal was usefully converted to work, so long as the relationship 
between heat and work remained unknovm. Engines could be compared 
with one another, but the upper limit of the best possible performance 
remained unknown. The question as to whether other processes than 
those using steam boilers and engines would show a greater delivery of 
work for the same fuel consumption had to remain open. Many of the 
older conclusions regarding the possibility of the conversion of heat to 
work in air and steam engines were erroneous. 

The first successful step in mechanical heat theory was made by the 
French engineer officer, Sadi Carnot, in 1824. Interested in the fact that 
steam leaves an engine at a considerably lower temperature than that 
entering the engine, he established the universally valid principle that 
heat can only be converted to work if a temperature drop occurs. He 
also proved that, if perpetual motion be impossible, the greatest amount 
of work obtainable from a given quantity of heat depends on the tem- 
perature limits alone and is independent of the nature of the working 
substance. From this it is evident that heat causes work to he done and 
the working substance merely serves as a medium for the transformation. 

Carnot compared the capacity of heat in delivering work with that of 
falling water. The quantity of heat corresponds to the quantity of 
water, and the temperature drop to the head of water. It is now known 
that, when heat is converted to work, a certain fraction of the heat 
supplied disappears as heat. Carnot and his contemporaries assumed 
that, in spite of its lower temperature, the exhaust steam contained as 
much heat as the live steam, whereas it is now known that less heat is 
contained in the exhaust steam owing to the conversion of heat to work 
in the engine. 

This was established by Robert Mayer, a Wurtemburg physician, 
who first showed (1842) that a quantity of heat is directly comparable 
with mechanical work and is quite independent of the temperature, and 
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that it does not correspond to the amount of water in water power, and 
still less to the product of the quantity of water and the head. In eTery 
case in which ^ft. lb. of work are delivered by an expenditure of heat, 
AE C.H.U. of heat disappear, and A is a constant number. Mayer found 
(in the manner outlined on page 94) a fairly close value to the correct 

mechanical heat equivalent.^ The value was found later in tests 

carried out by Joule, and this is generally accepted as the correct value. 

The first experimental demonstration of this law applied to a steam 
engine was carried out by the xAlsatian engineer, Gustav Adolph Him, 
who is well known for his work on technical thermodynamics. 

The reverse process of obtaining heat by an expenditure of mechanical 
work (e.g. by friction, impact, action of tools on metals, gas compression, 
etc.) has long been known. The equivalent law applies here also. If 
1400 ft. lb. are converted to heat, the amount obtained is always 1 C.H.U. 
Almost all tests on the direct determination of the heat equivalent have 
been carried out in this way, i.e. by measuring, calorimetrically, the heat 
produced in the complete conversion of mechanical work, or of electrical 
energy. The same heat equivalent is obtained by other means, which 
depend on a further application of the mechanical heat theory (e.g. use 
may be made of measurements of volume, pressure, temperature, and 
latent heat of steam). Again, processes in which heat is converted to 
work, as in gas and steam engines, may be appHed and lead to the same 
result, but the method is much more difficult and is less exact, owing to the 
numerous sources of error. 

The application of this first law of heat to other natural processes, 
like electrical and chemical ones, led Mayer and Helmholz to the estab- 
lishment of the principle of conservation of energy, which states that a 
given quantity of energy cannot be lost nor in any way destroyed. The 
chief forms of energy are mechanical energy, either as kinetic or pressure 
energy, heat energy, electrical energy, and chemical energy. 

The law goes further, however, and states that energy cannot be 
created. If energy be obtained in any way it must have come from some 
existing supply. This law is equal in importance to that which states 
that perpetual motion is impossible, i.e. a motion which is maintained 
without an external supply of energy and which delivers useful work or 
merely overcomes its own frictional work. 

Units of mechanical, thermal, chemical, and electrical energy. The 
technical unit of mechanical energy is the '‘foot-pound ” (ft. -lb.), and of 
thermal energy the Centigrade heat unit ” or British thermal unit ” 
(C.H.U. or B.Th.U.). On the Continent the heat unit adopted is the 
Kilocalory (K. Cal). 

As a rule, mechanical energy (such as mechanical or available work 
and kinetic energy) is measured in mechanical units and heat energy 
in thermal units. Since, however, the amounts of energy are independent 
of the t3q)e of energy, it frequently happens that the above order is 
reversed, mechanical energy being expressed in thermal units and quan- 
tities of heat in mechanical units. 

* In Great Britain the determination of the mechanical equivalent is generally 
credited to Joule. (Translator.) 
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Thus, in steam turbine calculations, it is customary to denote the 
available work between two given pressures as a heat drop,’’ expressed 
in heat units. A heat drop of 160 B.Th.XJ. means an available energy of 
160 X 778 = 124,500 ft. lb. Again, quantities of heat might be expressed 
in ft. lb. or electrical units, instead of thermal units, in order to obtain 
uniformity. The specific heat of air would then be = 0-24 x 778 
= 186*7 ft. Ib/lb. instead of = 0*24 B.Th.U. lb. 

The energy liberated in chemical reactions is generally expressed in 
heat units. 

The amount of work performed when unit force, namely 1 poundal 
(or 1 dyne), acts through a distance of 1 ft. (or 1 cm.) is called 1 foot 
poundal (or 1 erg). 

But a poundal (or dyne) is the force which gives to the mass of 1 pound 
(or gram) weight, which is the unit of mass in the absolute system, an 
acceleration of 1 ft./sec.^ (or 1 cm./sec.^). In the engineering system of 

units (ft. lb. sec. or m. kg. sec.) this mass is equal to — ( or --- - -- - - 

^ / u 32.9 ^ 1000 X 

engineering units of mass, since in this case the unit of force is equal to 
the unit of weight. 

Hence, since 

force = mass X acceleration 


1 poundal = 


32-2 


lb. 


‘ ‘‘■'™ = 1000 X 0-81 ife''*' 


1 


9*81 X 10^ 


— kg. 

\o & 




Also 1 ft. poundal = ft. lb. 




Since the erg is an exceedingly small quantity, the unit of electricity 
is 10^ times greater and is called 1 Joule. 

Hence, 

1 Joule = 10" erg = m. kg. = 0*102 m. kg. = 0*737 ft. lb. 

In thermal units, we have 

1 Joule = B.Th.U. = K. Cal. 

1400 778 9-8 X 427 


0-527 

1000 


C.H.U. 


0-948 

1000 


B.Th.U. 


0-239 

~ 1000 ^' 


Cal. 


It follows, from these relations, that 1000 Joules of electrical energy 
are capable of delivering heat amounting to 0-527 C.H.U. or 0-948 
B.Th.U. or 0-239 K.Cal. 

In considering the performance of engines, it is usual to take into 
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account the time taken to deliver a quantit}^ of work. The amount of 
work obtained in 1 sec. is called the power. The power can also be 
expressed in mechanical or thermal units. The mechanical unit of power 
is 1 ft. Ib./sec. (or 1 m, kg./sec.), but engineers adopt a unit 550 (or 75) 
times greater, called the horse-power. 

1 (British) h.p. = 550 ft. Ib./sec. = 33,000 ft. lb. /min. 
or 1 (Continental) h.p. = 75 m. kg./sec. = 32,500 ft. lb. /min. 

In thermal units we have 

o30 C C-71. 

1 h.p. = ^J&r^.U./see. = 0-392 BrTE'.U./sec. 

^ 1400 

= 23-6 C.H.U./min. = 1415 C.H.U./hour 
or 1 h.p. - ^B.Th.U./sec. = 42-4 B.Th.U. /min. 

= 2545 B.Th.U./hour. 

The unit of power used in electrical measurements is the watt 
and equals 1 Joule/sec., i.e. 

1 watt = 1 Joule/sec. = 0-737 ft. Ib./sec. = 0*102 m. kg./sec. 

1000 watts are called 1 kilowatt ” (kW.). 

Hence 1 kW. = 1000 Joules/sec. = 737 ft. Ib./sec. = 102 m. kg./sec. 
Also IkW. = ^l^h.p. = T34h.p. or 1*36 (Continental) h.p. 

The amount of energ}' delivered in an}- given time is found by multi- 
plying the power by the time. When the unit chosen is the horse-power, 
the work delivered in 1 second is called ‘‘ 1 horse-power second,” but, as 
a rule, the horse-power hour ” is used, and 

1 h.p. hour == 550 X 3600 = 1,980,000 ft. lb. 
or, in thermal units, 

1980000 ^ ^ 1415C.H.U. = 2545B.Th.U. 


Hence, if 1 h.p. is converted entirely to heat, for example by a brake 
fitted to a steam engine, the amount of heat delivered at the brake per 
hour is 1415 C.H.XJ. or 2545 B.Th.U. 

The British unit of power used in electrical engineering is the B.T.U. 
(Board of Trade Unit) and equals 1 kilowatt hour. 


Hence, 1 B.T.U. = 1 kW. hour = 3-6 X 10® Joules 


and since 


1 Joule = 


1000 


C.H.U. 


lOTO 


B.Th.U. 


1 kW. hour = 
1 kW. hour = 


3-6 X 10® X 0-527 
1000 

3-6 X 10® X 0-948 


1900 C.H.U. 
3414 B.Th.U. 


or 


1000 
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If, therefore, 1 kilowatt hour be completeh^ converted to heat, for 
example, by means of an electrical resistance, the heat developed is 
1900 C.H.U. or 3414 B.Th.U. The maximum amount of steam obtain- 

3414 

able from 1 kw. of electrical energy is -^7-) where H is the total heat of 

the steam in B.Th.U. reckoned from the water temperature. Thus, with 
H = 1140 B.Th.U. (steam at lolb./in.^ abs.) the weight of steam gener- 
^ , . 3414 . ... 

1140 

Efficiency of heat engines. Steam engines, steam turbines, and internal 
combustion engines are essentially heat engines, since their capacity for 
performing work is due to the heat supplied to them, either in the steam 
or the hot gases. A portion of this heat is converted to mechanical work 
in the engine by means of the working substance (steam or gases), while 
the remainder is rejected, as heat, in the exhaust steam or in the exhaust 
gases and jacket water. It is obvious that the first portion should be 
made as large as possible, so that the cost of fuel for a given power may 
be as low as possible, while for the same size of engine more work will be 
performed. 

A gas engine, in which the combustion is poor, may conceivably 
fail to deliver the anticipated output in spite of an excessive gas con- 
sumption. An engine w^hich converts heat to w^ork efficiently rejects a 
smaller quantity of heat than a less efficient engine when the loads are 
the same. 

It was only after the discovery of the mechanical equivalent of heat 
that it ivas possible to determine what fraction of a given heat supply 
could be usefully converted to work, and compare this fraction with the 
heat equivalent of the actual work done. 

The term “ thermal efficiency ” means the ratio of the useful wnrk 
(net load) of the engine to the heat used in driving the engine in the 
same time, and is found from the fuel consumption C per horse-power 
as follows — ■ 

If the calorific value of the fuel is H KTh.U./lb, or per ft.®, the 
amount of heat used per h.p. hour is CH If this w^ere completely 

converted to work, the amount obtained would be 1400(7i^ ft. lb. Actually 
the work delivered is 33,000 X 60 ft. lb., so that the thermal efficiency is 

_ 60 X 33000 1415 
~ imCH CH 


If the heat quantities are measured in B.Th.U., the expression is 
_ 60 X 33000 2545 

“ 118CH ~ CH 


The heat required per h.p. hour, i.e. the product If = CH, is also 
used as a measure of the heat usefully converted, and may be called the 
economy.’' The smallest imaginabie value of this w^ould be Tf = 2545. 
In the two following examples it is 23,200 B.Th.U./h.p. hour, and 10,279 
B.Th.U./h.p, hour respectively. For the latest steam locomotive the 
figure is about 12,000 B.Th.U., for high pressure steam plants about 
9200 B.Th.U., and for internal combustion engines about SOOO B.Th.U. 
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If the load is given in kilowatts and the consumption as C lb. (or it A) 
per kW. hour, 

. 3414 

then ri = 


so that If = CH ■ 


E.Th.U. kW. hour 


The values of and If enable comparisons to be made between steam 
prime movers and internal combustion engines for any state of the 
steam and for any fuel. 

Example 1. A steam locomotive uses 2-0 lb. of coal per h.p. hour, having 
a calorific value of 12,600 B.Th.U./lb. 

Find the fraction of the heat energy contained in the coal which is 
iisefullv converted to work. 


2 X 12600 


O-'IO or 10 per cent. 


Example 2. A gas engine uses 18ft.^ of gas per h.p. hour. CV of 
gas 571 B.Tli.U. /ft.^. Find 


18 X 571 


0-248 or 24-8 per cent. 


Example 3. A steam engine uses 22 lb. of steam per h.p. hour. If 
the heat given to the steam in the boiler is 1160 B.Th.U./lb. find the 
fraction of heat transformed to mechanical work. 


^ "" 22 X 116 ~ Q 


SECOND LAW OF THERMODYNAMICS 

Carnot cycle. (With gas as the working substance.) A fundamental 
difference exists between the transformation of mechanical work to heat 
(as, for example, with friction between solids or liquids) and the reverse 
process, in which heat is transformed to mechanical work. 

A given quantity of mechanical work, delivered, say, by a water 
turbine, a falling weight, or a moving mass, can be entirely transformed 
to heat by means of friction, and, as such, can be measured calorimetrically. 
When care is taken to avoid any loss of heat, it is then found that the 

E 

mechanical energy E is equivalent to the heat generated ox Q = 

In the reverse process, however, such as occurs in a steam or gas 
engine, neither the indicated nor the brake work is equivalent to the 
heat Q, supplied to the cylinder. Experience shows that only a fraction 
(5 to 20 per cent in steam engines and up to 35 per cent in gas engines) 
of the heat is transformed to work, however much care is taken to effect 
as complete a transformation as possible. 2 

Hence, in order to measure the equivalent factor — by means of a 

known heat supply to, and work delivered by, a heat engine, it is necessary 
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to find the unconverted heat carried away partly by the exhaust steam 
(or exhaust gases and cooling water) and partly by direct conduction and 
radiation. If these amount to 
then Qi = AE + 

so that A can be determined. It is obvious that considerable difficulties 
will be encountered in trying to find A in this way. 

The reason for this incomplete conversion of heat to work can be 
explained, and the amount determined, as follows — 

The first law merely states that when work is obtained from heat in 
any way the ratio of this work E to the converted fraction Q of the 
total heat supplied to the working substance, is constant and inde- 
pendent of the manner in which the work is obtained. This ratio is 
E 

^ ~ 1400. The law says nothing, however, about the amount of this 

converted or convertible fraction Q. It is quite VTong to assume that 
the greatest work obtainable is 1400 The law also fails to give am' 
information regarding the possibility of being able to transform a larger 
fraction than Q to work, by altering the operating conditions. Thus, 
when gas and steam engines are compared, a considerably greater 
portion of the heat supplied is converted to work in the gas engine, but 
this result could not have been anticipated from the first law alone. 

It will thus be seen that the first law in itself is incomplete in dealing 
with such thermodynamic problems, and it becomes necessary to intro- 
duce a second independent law of far-reaching importance. 

The basis of this law was really established by Carnot, who recognized 
the necessity of establishing a temperature difierence in order to obtain 
mechanical work from heat. In spite of the enormous amount of heat 
contained in substances, due to radiation from the sun, practically none 
of it is available, since these substances are all at approximately the 
same temperature. Experience shows that combustion processes create 
the highest possible temperature differences, and these are accordingly 
adopted in steam boiler firing and internal combustion engines. Some 
of the high temperature heat, developed in this way, can be transfoimed 
to work, which is delivered by the engine. 

Carnot, however, was unable to establish a relation between the 
available work in a given quantity of heat and the temperature drop, 
since a knowledge of the equivalent law is required for this. After the 
discovery of the latter, Clausius and Lord Kelvin established the second 
law of thermod^mamics. 

Clausius showed that, while, from Carnot’s principle, a temperature 
drop must accompany a delivery of work from heat, part of the heat, 
equivalent to the work done, always disappears. It does not necessarily 
follow, of course, that work is obtained whenever a temperature drop 
occurs. Thus, no work is done, under ordinary conditions, by radiation 
or conduction. But if the heat is forced to deliver work in a special 
arrangement, such as an engine, with an accompanying temperature drop, 
the equivalent fraction of heat which is converted to work always dis- 
appears as heat. 

When work is delivered by a heat engine, the heat changes from a 
high to a low temperature. Thus, the exhaust steam from a steam 
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engine is always colder tlian the supply steam. The reverse occurs in 
refrigerating machines, in which substances are cooled below the tem- 
perature of the surroundings. In order to do this, it is necessary to 
withdraw heat from these substances and deliver it to the warmer sur- 
roundings. As the substances are more and more cooled, these quantities 
of heat must be raised from a continuously decreasing temperature level 
to that of the surroundings. If water is to be changed to ice, after its 
temperature has been reduced to the freezing point, the latent heat of 
fusion has to be taken from it and raised to the temperature of the 
surroundings before it can be transferred to the surroundings. This 
“ heat transfer is just as impossible without the application of mech- 
anical work as is the gaining of mechanical work from heat without an 



equivalent conversion of heat. In the same way it is also impossible for 
heat b}^ itself, i.e. without the application of mechanical work, to increase 
its temperature above that of the surroundings. 

Conditions which limit the amount of mechanical work obtained from 
heat. In order to determine how much work E can be obtained, under 
the most favourable conditions, from a quantity of heat Q when a tem- 
perature drop occurs with a fixed upper limit T-^ and a fixed lower limit 
Tg, consider the following process in which any gas may be used as the 
working substance. 

Let the pressure and temperature be given for 1 lb. of the gas, 
point A {Fig. 74). This mass of gas is now allowed to expand isothermally 
to 5 in a cylinder, having walls which are heat conductors, and performs 
external work. For this operation, a quantity of heat Qi, calculable as 
shown on page 103, must be supplied. This heat may be considered as 
flowdng from a relatively large source of heat contained in a fluid sur- 
rounding the cylinder, so that no appreciable drop in temperature occurs 
ill the fluid due to the delivery of heat. From B onwards the gas expands 
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without any heat being given to, or taken from, the gas (i.e. adiabatic ally) 
and continues to deliver work till the temperature drops to the lower 
limit ^ 2 * During this stage the waUs have to be regarded as being non- 
conductors of heat. 

In order to return the gas to its original state, from the state 0, so 
that the cycle ma}^ be closed and the same gas used repeatedly (cyclic- 
process), the following processes are introduced. 

The gas is first compressed at the constant low^er temperature To, so 
that a quantity of heat Qgj calculable as shown on page 103, is removed 
from it. The cooling substance can be regarded as a fluid which surrounds 
the cylinder (the walls of which are now heat conductors), and the 
amount of this fluid is so large that no appreciable rise above T 2 occurs. 
Finally, the gas is compressed adiabatically in order to bring it back to 
its original state at A on the diagram. This is arranged by choosing the 
point D, at the end of isothermal compression, such that it lies on the 
adiabatic through A. The cycle which the gas has described is merely a 
means of obtaining the work E, which is represented by the closed area 
ABCD, Since no change has occurred between the initial and final state 
of the gas, the work must have come from the heat which disappeared in 
the operation of the cycle. Since units of heat w^ere given to, and Qo 
units taken from the gas, it follows that - Q 2 have disappeared. 
This heat has been transformed to the equivalent work E, and hence, 
from the first law, 

The heat supplied to the gas, during the isothermal expansion AB 
(Fig. 74), is, from page 104, 

Q, = A RT 

and, similarly, the heat removed during isothermal compression is 
Q, = log, J 

The following relations apply to the adiabatics BC and AD, 


hence 


Now 


so that 


Vo __ -^2 _ ^’3 
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and the thermal efficiency is 


AL 

Qi 




The fraction ?/ of the heat supplied is thus converted to work in 
the Carnot cycle, and is dependent only on the absolute temperatures 
between wliicli the process occurs. 

Writing the expression for the efficiency in the form 


it mil be seen that depends not only on the temperature drop, but 
also on the absolute value of the higher temperature. 

The whole of the heat supplied Q-^ would only be converted to work 

T. 

if ^ = 0, i.e. if ^2 = 0. The withdrawal of heat would thus occur at 

-273^0., which is impossible, since cooling substances do not exist at 
this temperature. 

The lowest temperatures of the substances used in removing heat 
from engines are those of the usual cooling water and range from 5° to 
20"^ C. Assuming an average value of about 10° C. gives 

To = 10 + 273 = 283° C. abs. 

With a lower temperature of 293° C., and the following upper tem- 
perature values, we have — 


1200 

1000 

800 

600 

400 

200 

100 

1473 

1273 

1073 

873 

673 

473 

373 

O'Sl 

0*77 

0-73 

0-66 

0-56 

0-38 

0-21 


If the heat, w'hose transformation to work is desired, is at the same 
temperature as its surroundings, i.e. if T^ = Tg, then none of it can be 
transformed to work by means of the Carnot cycle. The heat of the 
surroundings is thus of no use for the production of mechanical work. 

This does not mean that it is impossible for these quantities of heat 
to be transformed to work. As shown on page 99, this transformation is 
possible. If, for example, a store of compressed air is available and is 
allowed to expand isothermally in a cylinder, by taking up heat from the 
surroundings, then all this heat is transformed to work. In this, however, 
the compressed air is reduced to the pressure of the atmosphere, so that, 
in addition to heat, a supply of compressed air is required. This com- 
pressed air must, however, have been previously raised in pressure, for 
wliich an expenditure of work at least equal to, and in actual cases 
greater than, the delivered work is required. 

As opposed to this process, the working substance in the Carnot, 
and every other closed cycle, is found to be in the same state finally as it 
was initially. After the air has been compressed the cycle can be repeated 
as often as desired, so that the initial work of compression becomes 
negligibly small compared with the work delivered. This initial com- 
pression work could also be re-delivered in an air motor after any number 
of repetitions of the cyclic process. Hence, no compressed air is required 
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in tlie cyclic process; all that is necessary is the heat supply Q^. The 
fraction (I-tj) Qi = of the heat supply drops to the lower temperature 
T 2 and is carried away by the cooling water at this temperature. Hence 
the law remains as before. Heat is only capable of delivering work if it 
is at a temperature above that of the surroundings. 

Carnot cycle with gases having variable specific heat. It is of basic 
importance to determine whether or not the efficiency of the Carnot 
cycle alters when, in place of an ideal gas, an actual gas vdth its varpiig 
properties, or a superheated or saturated 
vapour, is used as the working substance. 

Actual gases possess specific heats, which ^ 
vary with the temperature even though they 
obey the ideal gas law pv — RT almost 
exactly. Hence the upper adiabatic curve 
in the Carnot cycle has a different exponent ^ 
y from that of the lower curve, as shown on 
page 60, and both exponents are not quite 
constant. The pressure diagram, therefore, is 
different in form and the treatment given 
above does not apply in this case. 

The treatment is simplified by considering 
the T(f) diagram of the Carnot cycle. Since 
the entropy conception applies to gases even 
if their specific heats and C\. vary vdth 
temperature, it follows that the T(f> diagram 
for both variable and constant specific heat is 
of the same form (Fig. 75). The isothermal AB 
of the pressure diagram in Fig. 74 is represented by the horizontal line 
A'B' in Fig. 75, the adiabatic BC by the vertical line B'C', the 
isothermal CD by the horizontal C'D\ and the adiabatic* by the 
perpendicular line D'A' (see page 127). The rectangle A'B'c^'cj)" 
represents the heat supplied Q^, while the rectangle under &D' gives the 
heat discharged Qo, so that A'B'G'D' = Qi- Q.> is the heat converted to 
work, and corresponds to the area ABCD in the pressure diagram. No 
matter what shape the adiabatics have in the pv field, they remain 
vertical on the field, so that A'B'C'D' retains its rectangular form 
and size, and the efficiency is given by 

T 



Hence the efficiency of the Carnot cycle remains unaltered whether 
or not the specific heats of the working gases are constant, so long as 
the gas law pv — RT is followed. 

Reverse Carnot process. (Warming or refrigerating process.) It is of 
interest to discover whether this efficiency is also given by any other 
working substance which does not obey the gas law, in which case it will 
be a property of the heat alone. This can only be done, as first shown by 
Clausius, by making use of a new law, the basis of which will be made 
clear by considering the reversed Carnot cycle. Starting at A in Fig. 74, 
air is expanded adiabatically to D, so that the temperature drops from 
to Tg* The air is then allowed to expand isothermally at T .2 to C, 
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where the volume is i’g. In this isothermal expansion the same quantity 
of heat $2 'to added to the air as was previously taken from it in 
the motor process. From C to B the air is compressed adiabaticaUy so 
that its temperature rises from Tg to T-^. Finally, the air is compressed at 
the constant temperatme from B to A, where it is again at the initial 
state and the cycle is completed. In the last isothermal compression the 
same quantity of heat has to be withdrawn from the air as was supplied 
to it in the motor process. The result of this process is that a quantity of 
work, equal to the area ABCD, has been supplied from the outside, a 
quantity of heat has been withdrawn from the cold source at the 
lower temperature T^ and a quantity of heat has been delivered to 
the hot source at the upper temperature T^. Hence the hot source has 
been heated at the expense of the cold source. The same relations hold 
between the quantities of work and heat as in the motor process, so that, 
applying the law of the conservation of energy, we have 

Qi — Qa + 

or the heat given to the upper heat container is greater than the heat 
Qg taken from the lower heat container by the heat equivalent of the 
work done E. 

Q T T - T 

Since, as before, pd = J and therefore AE = -N ~ — it will be 

recognized that, in order to deliver the heat from the cold to the hot 
source, i.e, from the lower temperature higher temperature T^, 

a quantity of work E is required, which is proportional to the temperature 
di&rence T-^-T^^ If, for example, at T^ = 300*^ C. abs. (27^ C.) T-^ - T.^ 
= lo® C., the work necessary would be 

^0 ^ 



Conversely, the quantity of heat which can be raised from T^ to T^, 
with a given quantity of work AE, is 

so that, in the two examples above, 

== 20.4E' 

and ^ 

The conveyed heat quantities can, accordingly, be a large multiple 
or only a fraction of the heat equivalent of the work done, depending on 
the amount of the required temperature rise. 

The total increase in heat Q-^ of the hot source is greater than by 
the amount AE, so that, in the two cases, 

== 21AE 

Qi = 


and 
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The heat delivered to the hot source amounts, therefore, in the first 
case almost entirely to the heat given up the source (20 out of 21 
parts), while, in the latter case, most of the heat is due to the mechanical 
work (4 out of 5 parts). Hence, in the latter case, not much more heat is 
obtained with the reversed Carnot process than would be obtained b}’' 
direct braking, whereas in the former case 21 times as much would be 
obtained. Hence, when mechanical work is available (e.g. water power 
or electrical energy), considerable heating effects can be obtained by 
means of the Carnot cycle with a relatively small expenditure of mech- 
anical or electrical energy, provided the temperature rise is moderate 
(from 50 to 100° C., say). 

This method of heating was first proposed by Lord Kelvin, and can 
be described as reversible heating,’’ since it is effected, as opposed to 
heating by mechanical friction or electrical resistance, by means of a 
reversible process, such as the Carnot.* 

In its practical application, the reverse process has been chiefly used 
for refrigeration. Thus, taking the normal air temperature of = 15° C. 
or Ti = 288° C. abs., the lower temperature produced by adiabatic expan- 
sion {AD in Fig, 74) is conditioned by the chosen pressure ratio >4- 
By using brine, which freezes only at low temperatures, as the cold 
source, a sufficient repetition of the cycle enables the brine to be reduced 
to, say, - 20° 0. The brine can then be maintained at this temperature 
in spite of the natural flow of heat into it from outside simply by con- 
tinuing to remov^e the quantity of heat by means of the reverse 
process. called the '' refrigerating effect,” and the process itself 

refrigeration.” 

The second law. Regarding the heat contained in our surroundings, 
the result of the above is expressed by the following law. Heat, at 
normal temperatures, cannot by itself be raised to a higher temperature 
without an expenditure of mechanical work, and, similarly, can only be 
taken from substances at a lower temperature than that of the sur- 
roundings by means of mechanical work, which thus enables this heat 
to be transferred to the surroundings. Clausius recognized that this law' 
applies generally and is independent of the properties of the working 
gases. This law, along with the previously established law^ w'hich states 
that the heat contained in our surroundings can deliver no mechanical 
work in cyclic processes, using gas as the working substance, forms the 
basis of the second law of thermodynamics. In its most general sense, 
the law can be expressed as follows. It is impossible for a prime mover, 
using the heat of its surroundings alone, without any other driving 
agent, to deKver w^ork. 

A prime mover of this type w^ould be described as a perpetual motion 
of the second class, since it would continuously deliver work by converting 
the enormous stores of heat in the surroundings without, however, 
violating the law of the conservation of energy, as is the case in the 
usual conception of perpetual motion. The shortest way of expressing 
the second law is thus as follows. As shown by natural laws, perpetual 
motion of the second class is impossible. 

* See ZeiUch.f. d, ges Kdlteindustrie (1919), E, Altenkirch. “Die Erhohung der 
Wirtsehaftlichkeit von Heizungsanlage durch den Einbau von Kaltemasehinen.” 
(Increased economy of heating plants by the introduction of refrigerators.) The 
principle has been applied lately in the “heat numn.” 

12— (5714) 
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Carnot cycle using any worldng substance. By means of the second 
law the effect on the efficiency of the Carnot cycle when substances other 
than gases are used can now be determined. If, for instance, saturated 
steam or ammonia vapour be used, the dia^am shown on the pr field 
(Fig. 76) is totally different from that shown in Fig. 74, since the isother- 
mals are now" horizontal lines. Starting, for example, with the liquid at 
the boiling point, the pressure at I corresponds to the temperature 
of the heat source and IV represents the volume increase during evapora- 
tion. At III the vapour is usually wet and the line III II represents 
the decrease in volume due to condensation. Fig. 76 can be regarded as 
the Carnot diagram for an engine using saturated vapour. The same 



diagram, in a reverse sense, represents a refrigerating process using a 
saturated vapour such as ammonia. 

The quantities of heat (Ji and given to, and taken from, the working 
substance from I to IV and III to II are the evaporation and condensation 
heats respectively. The shape of the two adiabatics IV, III and II, I is, 
however, unknowui at present, which means that the area of the diagram 
is also unknown, so that the useful work and efficiency of the process 
cannot be determined. 

It can, however, be showna in another way that, for the same tem- 
perature limits, the efficiency of the Carnot cycle using vapours is the 
same as that using gases. Thus, consider a refrigerating process using 
gas, and let it be driven by a motor process using vapour. Let both 
processes work between the same temperature limits and let the work 
delivered by the motor be E. Due to the refrigerator, a certain quantit}^ 
of heat would be transferred from the cold to the hot source. If now 

is greater than the heat Qg given to the cold source by the gas operating 
in the motor process, the net result of the whole process would be that 
a quantity of heat would be transferred from the cold to the 

hot source without an expenditure of work, since + = 0. This, 

however, would be contrary to the second law. Again, by means of the 
heat at the temperature mechanical work could be done by 
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making use of the temperature drop T-j^ - T^, and in tiiis way the heat of 
the cold source, i.e. of the surroundings, could be converted to work. 
This, again, is contrary to the second law, so that Q^' cannot be greater 
than Qo- If now is less than it would only be necessary- to perform 
the motor process with the gas and the refrigerating process with the 
vapour in order to prove in the same way that cannot be greater 
than Q 2 ’ Hence, Q^' must equal Now, from the first law, we have, 
for the motor process using vapour, 


- Q 2 = AE 

and, for the refrigerating process using gas, 
» Q,' = AE 

hence, == Qi - QI 

and, since Q.^ = Q 2 it follows that 


and also 


Qi ~~ Q2 Qi ~ Q2 

Qi Qi 


i.e. the value of rj is the same in both processes, so that, as with gases. 


i-T, 

T 


The thermal efticiency of a Carnot cycle is accordingly independent of 
the nature of the working substance and depends on the temperatures of 
the hot and cold sources alone. 

If steam is used and the heat supplied Qi is equal to the latent heat 
L per lb. of water at the saturation temperature {Ti) so that from I to 
IV in Fig. 76 the substance changes from water to dry saturated steam, 
the work obtained in the Carnot process is 


^ — 


Thus with 

U = 

60" F., and 




q = 

212 

302*5 

401*2 

477 


L = 

971*4 

908*7 

821*9 

740- i 

(Steam tables ) 

7 ] = 

0*226 

0*318 

0*396 

0*445 


AE = 

220 

289 

326 

330 

B.Th.U./ib. 


The actual operations in a steam engine are not the same as the 
Carnot cycle, chiefly owing to the difficulty of compressing the very wet 
condensed steam along II I, but the Carnot process is useful in showing 
the largest amount of available work which can be obtained from saturated 
steam. 

The Carnot process is not applicable to superheated steam so long as 
the superheating is effected in the usual way, i.e. at constant pressure 
and increasing temperature, and is, therefore, not generally used as a 
standard of comparison under these conditions. 
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ABSOLUTE TEMPERATURE 

Before the second law was established nothing was known regarding 
the lower limit of temperature, and this appeared to be just as incon- 
ceivable as an upper limit of temperature. The conception of an abso- 
lute ” temperature, which is rather more complete than that found con- 
venient in dealing T^ith calculations in the Gay-Lussac Law, is only 
reasonable, however, if a lower limit of temperature exists which is 
independent of the substance of which the thermometer is made and of 
the temperature measurements. This degree of cold limits the lower 
attainable value, not only from a practical, but also from a theoretical 
point of mew. 

The Carnot- Clausius principle, as expressed in the representation of 
the Carnot cycle, enables this lower limit of temperature to be conceived, 
and by combining this principle with the energy law the absolute zero 
point can be determined . 

When efforts are made to convert a given quantity of heat 
supplied by a large heat source at to mechanical work by means of 
the Carnot cycle, the difficulty (which cannot be overcome by using any 
other cycle) immediately arises that (when the usual temperature limits 
are employed) only a fraction of is available for mechanical work. 
Thus, if is the cooling water temperature, the available work is 


1^273 -f- 

In practice, therefore, q has to be made as high as possible. 

If, however, it were assumed that cooling substances were available, 
at any temperature below 0° C., the heat in the surroundings could be 
made to perform work with any desired efficiency. 

Thus, vdth = lOOX'., and 

= 0° C. - 1 00° C. - 200° C. - 273° C. - 300° C. 

}] = 0-268 0*536 O-SOo 1-0 1-07 

Hence, with a cooling temperature of - 273*^ C., the whole of the heat 
supplied in the process could be converted to useful work. This would 
also be the case with any higher or lower initial temperature since, 

with to = - 273 

for every value of ^ ^ 

If, now, a lower temperature than - 273 exists, it is possible to conceive 
that a cooling agent could be procured at this temperature. If we assume 
this to be - 300° C., the results above show that the efficiency would 
then be 1*07, and for any temperature less than - 273° C. the efficiency 
is more than unity. It would thus be possible to obtain more work from 
the heat than corresponds to the mechanical heat equivalent. This, 
however, would be contrary to the first law and to the principle of the 
conservation of energy. The lowest attainable temperature is, therefore, 
- 273° C., and this corresponds to the absolute zero point on the Centi- 
grade scale. 
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Direct temperature measurements, carried out by tlie application of 
special arrangements (expansion of liquefied gases), have shomi that this 
temperature can be approached within a few degrees, but the measured 
temperature never falls below it. Thus when 
liquid helium, which has a liquid temperature of 
- 268*5^ C. at atmospheric pressure, is cooled by 
expansion it is only 2 or 3 degrees above the 
absolute zero point. 

The measurement of these very low tempera- 
tures is effected by means of gas thermometers 
(by measuring the change in pressure due to 
cooling a mass of gas when the volume remains 
constant). It is necessary that the gases should 
be at a very low pressure at these temperatures, 
in order to prevent them from assuming the 
vapour or liquid state. According to J. Dewar, 
it is possible to measure with accuracj’ the 
following low temperatures with gas thermo- 
meters, containing the different gases shown — 




’-ZOO^ 


- 273 ^ 


-lit 



i i i 1 

% 

i 1 


m 

: ! 

j- 

j| 

j 

1 


1 ^ 


\4> 


Fig. 76a 


Gas Used 


CO., 

Go “. 

Hi . 

B-l . 
Helium 
Helium 
Helium 


Initial Pressiu’e of Gas 
in mm. Hg at 0° C. 


i 273 
A 273 
3-8 X 273 
J A 273 
A, V 273 


Lower Measurable 
Temperature 


C. abs. 

r c. 

171-4 

- 101-6 

(iU-2 

- 203-8 

!l-72 

- 261-28 

10-40 

~ 262-60 

2-93 

-270-05 

1-90 

- 271-10 

1-71 

- 271-29 


By the evaporation or sublimation of the following liquids or solids 
at very low pressures, the low temperatures shown alongside are attained 
(as given by Dewar) . 



p (mm. Hg) 

C. abs. 

r C. 

lee (HgO) 

0-001 

203 

- 70 

CO 2 

0-63 

132 

- 141 

O 2 . 

0-19 

51 

- 222 

Ns - 

0-70 

37 

-236 

H 2 . 

0-59 

9 

-204 

Helium 

0-26 

1-8 

- 271-2 


— 

0-4 

- 272-6 


These temperatures amount, as shown by Dewar, to about a third of 
the absolute critical temperatures of the corresponding substance. X is 
a hypothetical substance which is as “ volatile compared with helium 
as helium is compared with hydrogen. 

Temperatures given by the gas thermometer and the absolute tem- 
perature scale. Strictly speaking, gases do not obey the characteristic 
equation pv == BT completely, and the deviations from this increase as 
the gas approaches the critical region or the saturated state. The equation 

Pi Ti 
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used in gas tliermometry applies only to an ideal gas, so that it is only 
with such a gas that a truly accurate temperature measurement can be 
made. With the different gases used in gas thermometry, a given unknown 
temperature change shows thermometer readings (i.e. pressure ratios 
which are not quite the same, so that if the temperature is calcu- 
lated from these readings, different values are obtained. At normal or 
liigh temperatures the deviations are slight, but at low temperatures they 
become more serious, unless the pressures are made very low. According 
to Henning,* for example, the readings of a nitrogen thermometer are 
lower than those of a h3?'dr6gen thermometer by the amounts shown 
below when the pressure is between 620 and 780 mm, Hg, 

At 445= C. - 99° C. ~ 183° C. - 193*6° C. 

About 0*il° 0*00° 0-19° 0-26° 


Neither hydrogen nor helium behave as perfect gases, both deviating 
considerably from Boyle's Law, even at low pressures. 

Temperature scales between 0^ and 100° G., as given by means of a 
nitrogen or hydrogen thermometer deviate, therefore, from one another 
and from the absolute scale obtained by using a perfect gas. The problem 
of temperature measurement on the absolute scale, which involves con- 
siderable practical and theoretical difficulty, is of more importance to the 
ph^rsicist than to the engineer.f 

From the latest researches^ it appears to be established that the 
scale of the hydrogen thermometer agrees sufficiently closely 'with the 
ideal gas scale between 0° C. and 450° C. The deviation at 450° C. is 
only about 0*01° C. (Constant volume hydrogen thermometer with an 
initial pressure of 620 mm. Hg.) 

The following boiling and melting or freezing points of pure liquids 
and solids serve for the purpose of calibrating thermometers — 


Boiling point of — 

Oxygen at 760 mni. Hg . . • = 

Oxygen at the pressure p in the neigh- 
bourhood of 760 rnm. . . . 

Carbon dioxide at 760 mm. Hg . • — 

and at p as above . . . • L “ 

Freezing points of — 

*Ethyl ether . . . . . tf = 

*Carbon disulphide ....== 
*Chloroform .....= 
^Chlorobenzene 
Mercury 

Water " . . . . . . = 


- 183*0° C. 

- 183*0 -f 0*01258 {p-760) 

- 0*0000079 {p - 760r C. 
--78*5°C. 

_ 78*5 + 0*01595 (p - 760) 
-0*000011 (p- 760)2® C. 

- 123*6° C. 

- 112*0° C. 

- 63*7° C. 

- 45*5° C. 

- 38*89° C. 

0° C. 


Boiling point of — 

Water at 760 inm. Hg 
Naphthalene 
Benzene phenolate 
Sulphur . 


- 100° C. 

= 217*96 + 0*058 (p - 760)° C. 
= 305*9 4- 0*063 (p - 760)° C. 
= 444*55 + 0*0908 (p - 760) 

- 0*000047 (p - 760)2° C. 


* See Tdtigskeitber d. Phys. Techn, Reichsanst. fur 1914. 

t For a full discussion on scientific thermometry, see F. Henning’s Grundlagen, 
Methoden and Ergebnisse der Temperaturmes&ung (19i5). 

J Tdtigskeitber d, Phys. Techn, Reichsanst (1911). 
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Melting and freezing points of — 


Tin 


231*84° C. 

Cadmium 

= 

320-9° C. 

Zinc f . 

= 

419*4° C. 

Antimony 

— 

630*0° C. 

Silver 


960*5° C. 

Gold 

= 

1063° C. 

Copper 

= 

1083° C. 

Palladium 

= 

1557° C. 

Platinum 

= 

1764° C. 


With the exception of those* marked with a star the above have been 
taken from the Bekanntmachung der Physih. Techn. Reichsanst, vom 16 
Dez. liber die Priifung von Thermometern, The platinum resistance ther- 
mometer can be used to interpolate between 0 “ C. and the boiling point 
of sulphur. For higher temperatures the platinum and 10 per cent 
platinum rhodium thermocouple may be used, while for low temperatures 
a platinum resistance thermometer corrected by means of the hydrogen 
thermometer may be used. 

Entropy of any substance. It has been shown on page 125 that, for 
gases which obey the law pv ~ RT, a magnitude of state exists called 
entropy {(f>), the change in which, multiplied by the absolute temperature, 
gives the heat supplied. In the particular case of an isothermal change 
of state, 

Q = T{4>-i>,) 

A A Q 
or 9 - 9o = Tp 


and, for an adiabatic change of state, 

4>-<f>o =0 

Since the Carnot process consists of isothermal and adiabatic changes 
of state, and the relations deduced from this cycle are valid for any t^^e 
of working substance (page 162), it follows that this c\'cle enables us to 
determine whether the entropy function also applies to substances other 
than gases. 

In the Carnot cycle we have, in general, 

Q2 ^2 


in which Qi and Q 2 are the heats supplied to, and taken from, the substance 
along the upper and lower isothermals respectively. Substituting the 
letters < 5 ^ and < 5^2 (without assuming that these represent entropy values) 


for the quotients M ^nd and plotting these values, as abscissae, at 

i 1 i 2 

the temperatures T^ and T^ (i* 6 . on the isothermals), the points B' and 
O' are obtained (Pig. 78). The line joining these two points along with 
the horizontals B'A' and O'D' give the rectangle A'B'C'D'. The area 


* From Heruaing, Annal. Phymk (1914). 
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lying below A'B' to the abscissae axis is equal to and is thus equal 
to Q^, while the area below C’D' is = Q^. Hence the rectangle 
A'B'G'D' is equal to Q.^-Qi, i-c. the work obtained from the process in 
heat units. How the shape, shown in Fig. 78, remains the same (whatever 
shape the py diagram may have) in the Carnot process for all substances, 
and if and remain the same, the magnitudes are also equal for all 
substances. 

Co nsi der a second Carnot cycle, using the same working substance, 
at the same initial state but operating with a smaller heat supply Q/. 
The resulting pv diagram is given by A B^ C^ D in Fig. 77. If the values 
0 ' O' 

^ and ^ are plotted in Fig. 78, the points B^ and C^ 

1 j i 2 

are obtained, giving the rectangle A'Bj^ Ci'D'. Any number of such 
processes can be imagined with different heat supplies, giving, when 



plotted in Fig. 78, any number of points like B^' lying on A'B' and 
corresponding to definite points on the isothermal AB. The abscissae 

^ of these points depend on the heat supplied Q/ between A and the 

point B^ and the temperature of the isothermal. 

If, again, the process be carried out with the lower temperature raised 
from to T so that Q^' is greater thap Q^, the pv diagram is now shown 
by ABFE and when transferred to Fig. 78 gives the rectangle A'B'F'E', 
where F corre.sponds to F'. The point F' lies vertically below B' and 

possesses the same value ^ as B' does, since F is the final point of the 

1 Q ' 

lower isothermal EF, for which the value ^ is the same as the value 
rt. T 


of the upper isothermal AB. In the same way all other points 


the adiabatic BC give corresponding points on the vertical line B'C. 
Hence B'C represents the adiabatic curve BG. Every such point on 
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B'C has the same abscissa ^ ^ which is giren by the point B at 

the end of the upper isothermal or the initial point of the adiabatic. 

Hence the value ~ remains constant along the adiabatic, so that for 

any substance, operating on the Carnot cycle, there exists a function, 
the value of which remains constant if the substance is expanded adia- 
batically (while delivering work). Also, for any point x in the jpv field 

(Fig. 77) there corresponds a definite value which is found by 

7 Q ' ^ 

carrying out the Carnot cycle AB^xE, and which is equal to (the 

^ 1 

value found from the upper isothermal). Hence, b}" tracing the quite 
arbitrary path Aax from A to x the same value is always obtained for 

since this depends on the position of alone. Bv plotting the 
^ Q . . 

values of ^ in Fig. 78 corresponding to any points such as a on Ax, a 


definite line A'a'x' is obtained, so that any state curve on the jw field 
has a corresponding curve in the Tcj) field, which can be located if the 
heats Q, supplied during an isothermal change of state, are known. 
From this it follows that any change which occurs in 6, accompanying a 
change of state, depends on these states alone and not on the path 
traversed during the change. In the particular case in which the tem- 
perature remains constant but the pressures and volumes vary, the 
difference in (f> is given directly by considering the quantity of heat 
supplied during the change. Thus, as shown in Fig. 78, when the differ- 
ence in the value of ^ is taken for the distances AB^ and A in Fig. 77, 
we have . ^ 

or AQt — T A<^t 


i.e. the heat added, during an elementary isothermal change in state of 
any substance, is equal to the product of the absolute temperature and 
the change in the function and is thus given by the area below B^'B^' 
in Fig. 78. 

This can be extended to include any change of state, as is the case 
with gases, since in any elementary change of state, such as the expansion 
ab (Fig. 77), the heat supplied is the same as in the isothermal expan- 
sion ac, where c lies on the adiabatic through 6. This follow^s, since 
the path acb in Fig. 77 is represented by a'c'b' in Fig. 78 and the heat 
supplied in the isothermal expansion ac is equal to the heat dQ 
supplied along ab and is given by the area below a'c'. 

In the limit the small triangle is negligible compared with the strip, 
and we then have dQ = Tdcj> ....... (189) 

In a finite change of state such as Aax the heat supplied is the sum 
of all these strips and equals the area below A'a'x\ or 
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In this way it is shoT^ii that, for any substance which changes its 
state in any way, the heat supplied can again be represented by an area 
on the T^ diagram. Hence the function (j> possesses all the properties of 
the entropy function of gases and can, therefore, be regarded itself as 
entropy. 

Equation (189) or (190) is the simplest mathematical expression of 
the second law, as applied to any substance experiencing a reversible 
change of state. 

For further discussions on the entropy function see page 187 and 204. 


INTERNAL ENERGY OF SUBSTANCES 

All substances contain a certain amount of internal energy (i) irres- 
pective of their state. The absolute amount"*' of this energy in a given 
weight cannot, however, be determined at a given state (fixed by p, ‘V, 
and T), e.g. in 1 lb. of air at 100° C. and 75 Ib./in.^ abs., but can only be 
expressed as the excess above that at some arbitrarily chosen standard 
state, such as 0° C. and 14*7 Ib./iii.^ abs. (as is usual in the case of gases), 
or the state of liquid at 0° C. (as is usual with vapours and liquids). 

There is no advantage, at least in technical work, in choosing the 
absolute zero point of temperature as the standard temperature, since 
the condition of substances at that point is not fully known and it is 
quite convenient to regard substances at temperatures below 0° C. as 
containing a negative quantity of energy. 

If the substance happens to be in motion, so that it possesses kinetic 
energy, this is not included in its internal energy, since this is regarded 
more as external work, as shown in the chapter on The Flow of Gases.” 

In the follovfing the term internal energy ” of a substance will be 
regarded as the sum of the quantities of heat and mechanical work (in 
heat units) which a definite weight (such as 1 lb.) of the substance can 
deliver externally (or can receive from outside) in being brought from its 
existing state to the standard state. 

Energy as a magnitude of state. If the above definition of energy is 
to be consistent, it must give the same value of /, irrespective of the 
nature of the changes of state during the reduction to the standard state. 

Thus, a gas at the state A (Fig. 79), defined by p, and T, can be 
reduced to the standard temperature 0° C. at jB by adiabatic expansion. 
If, now, the gas be compressed isothermally from B to it can be reduced 
to the standard pressure During the expansion an amount of work 

Regarding tliis, Planck states, in Phys. Zeit. ( 1912 ), page 168 (Modern 
Thermod^'naTnic Theories): “According to the modem Lorentz -Einstein principle 
OL reiaiivity, rhe absolute amount of energy of a body at rest, if the external pressure 
is neglected, is equal to the product of its mass into the square of the propagating 
veloeit\' of light in a vacuum ; an extremely large number, which, up till the present, 
however, has not proved of any practical significance.” 

It is also known that, in the breaking down of radium, very considerable 
quantities of energy are Liberated from within the atom, regarding the existence of 
which nothing was known till lately. This energy is capable of performing work, 
but only in so far as the temperature of the body exceeds that of the surroundings. 
The heat which can be obtained from 1 lb. of the latest, specially prepared, pure 
radium is 132*3 pro^dded the whole of the radiation is transferred to heat. 

The amount of radiant heat obtainable from the sun per minute on 1 ft.^ at right 
angles to the rays, amounts to from 3'7 to 4*1 C.H.U. 
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E-^ is delivered, wMle during compression the work E,^ has to he done on 
the gas and a quantity of heat Q has to be withdrawal. The total change 
of energy is thus 

1 = + AE^~AE,^ + Q 

But, for gases, it is showui on page 105 that 
Q = AE., 
so that I = A Ej 

The energy of a gas is thus the same as the absolute work delivered 
by it, in an adiabatic expansion, from its initial temperature to the 
standard temperature. If the initial temperature is the same as the 
standard temperature, the internal energy is zero, how^ever high the 
pressure may be. If a gas, at 
any temperature, be expanded 
or compressed isothermally, its 
internal energy suffers no 
change. From page 106 we 
have the following expressions 
for /, 

I = 1 (iJt’-iV’o) 

or / = r,(T-To) = c.,(t-t„) 
and if Iq = 0 

/ = r,/ 

The internal energy thus Fig. 79 

depends on temperature alone, 

and the same result would be obtained along any other path such as 
AEA^ or ADAq. 

This agreement is a result, hoivever, of the assumptions made in 
establishing the energy equation for gases {page 99), namely, that 
is independent of pressure and temperature, and that no internal heat is 
absorbed by the gas apart from that required in raising its temperature. 
Both assumptions are only valid within certain limits for gases and not 
at all for vapours. 

In spite of this, hoivever, the energy given up by any substance in 
being reduced to the standard state, is again independent of the path 
followed. 

Thus, imagine the substance, which has been brought to the normal 
state Aq along any path ADAq, to be returned to the old state A along 
the same path. The same energy 1 will be returned as was previously 
liberated, since the change of state occurs with no losses, i.e. it is reversible 
at all points. This condition is easily fulfilled in isothermal and adiabatic 
processes. 

It might, however, be considered that along some other path such 
as AEAq a greater quantity of energy / + t could be liberated than 
before. By allowing the working substance to suffer this change of state 
from A to Aq and then returning it along the path A^A to A^ the sub- 
stance would again be in exactly the same state, so far as the pressure, 
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volume, and temperature are concerned, but an excess of energy would 
be liberated along AEAq given by 


This could be repeated any number of times and as much energy 
could be liberated as desired without any corresponding expenditure. 
The same applies to the heat absorbed I -i when the process is reversed. 

This creation of energy is, of coiu'se, impossible, and the process 
amounts to a perpetual motion of the first class. Hence it follows that 
i = 0 and the energy I is independent of the path chosen in determining 
it, and depends only on the instantaneous state of the substance. Internal 
energy, therefore, like pressure, volume, and temperature, serves to 
define the state of a body. 

Nature o! the energy contained in substances. The energy stored in 
gases exists solely as sensible heat (apart from a negligibly small amount 
in other forms). In the case of saturated vapours, however, the sensible 
heat is a relatively small fraction of the total energy contained in the 
vapour. This becomes apparent from the consideration of an evaporative 
process (page 358). The heat requhed for evaporation becomes latent in 
the vapour itself. It is required to separate the molecules and only 
reappears as heat when the vapour is reduced to a liquid. It is stored in 
the vapour as internal potential energy.'’ 

This potential energy is also present in gases, but, owing to the 
relatively large distance apart of the molecules, it is small compared 
with the heat energy which is used to produce the kinetic energy of the 
molecules. 

Under certain conditions, excessive heating can effect a breakdown 
in the molecules of compound gases (i.e. dissociation).* 

For example, carbon dioxide can be split up into carbon monoxide 
and oxygen. Experiments show, in this case again, that the heat becomes 
latent, so that the “ splitting ” of the molecules requires an expenditure 
of energy. 

It is necessary to regard the internal energy I of a body, therefore, 
as the sum of its sensible and internal potential energy. (The external 
energy, which a substance possesses in \urtue of its motion and weight, 
is not included in /.) 

CHANGE OF STATE OF A GAS OR VAPOUR 
FIRST LAW 

Let the pressure and volume of any gas or vapour change as shown 
by the curve ACB in Pig. 80. Let the heat supplied be Q. 

Due to the change in state, the energy of the substance increases by 
an amount and the absolute work of expansion E is represented 

by the area ACBDE. The heat supplied must suffice for the change of 
energy (which may be negative) and the work done. 

* According to modem chemical theories, a degree of dissociation always exists 
(although it may be very small) in dissociable gases at every temperature and 
pressure. The term “dissociation temperature” usually means the temperature at 
which an appreciable degree of dissociation is present. See Schiile’s TJ 

Bd. II, and Nme Tabellen. 
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Hence, Q = I^,- AE . . (191) 

and, for an elementary change of state, 
dQ ^ dl -Y AdE 

or dQ = dl -f- A'jpdv (192) 

The following special cases of this equation will now be considered — 

1. For a change of state at constant Yolnme dv == 0, so that dQ = dl, 
or the heat added or removed is equal to the change in internal energy. 

2. With d<f) = 0 , i.e. an adiabatic change, 

dl = - Apdv 

or the absolute work is equal to the decrease in internal energy. 




3. If 1.^ = /j or /o - Ii~ 0, the change of state occurs at constant 
internal energy, in which case 

Q = AE 

or dQ = Apdv 

i.e. the heat supplied during expansion is equal to the heat equivalent of 
the absolute work delivered during expansion. For gases, whose internal 
energy depends only on the temperature, this change of state coincides 
with the isothermal. 

4. If the change on the pv held is as shown by ACjB (Fig. 80) or 
AG^B instead of ACB, no change occurs in I^^-Ix, since Jo and I are 
determined solely by the limiting states A and B. The mechanical works 
are, however, different, being greater along AC^B and less along AC^B, 
This means that, in the above equation, the heat quantities Q-^ and Q^^ 
supplied via and Og, are greater and less respectively than that supplied 
via G. The difference is given by the heat equivalent of the areas shown 
shaded. 

If, for example, the explosion line of a gas engine, in one case, is as 
shown by ACB in Fig. 81, and in another case as shown by ACiB, the 
heat, given to the walls, is less in the latter case than in the first by the 
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heat equivalent of the shadefl area. This may be caused either by a 
reduced siippl}’ of fuel gas or by retarded combustion (in which cas,e the 
continuing line of AC^B on the field lies above that of AGB) or by 
incomplete combustion. It may also be caused by a combination of 
these conditions. 

5. The heat Q added to a gas in any change of state such as ACB in 
Fig. 80 can also be represented by an area on the pv field (Pig. 82). Thus, 
instead of allowing the gas to expand from A to B directly, first expand 
it isothermally from A to C (Pig. 82) and then return it along the adiabatic 



to B. In this case the heat Q' added is smaller than the heat Q added in 
the direct expansion, and the difference is equal to the heat equivalent 
of the obliquely shaded area a [ACB) or 

Q' =:Q - Aa 
and Q = Q'+Aa 

Heat is neither supplied nor rejected along the adiabatic BC, so 
that Q' is the heat supplied along the isothermal AC. Por gases this 
heat is equal to the absolute work and is thus given by the area below 
AC in heat units. Q is therefore the complete shaded area below ABC 
down to the abscissa axis. 

In tliis way, quantities of heat, supplied or rejected during certain 
periods, such as combustion, expansion, or compression in a gas engine 
cyhnder, can be determined simply by measuring areas on thopv diagram. 
In the case of vapours, the isothermal shown in Pig. 82 is replaced by a 
curve for which 1 = constant. (See case 3.) 

6. Every finite change of state can be represented by a successive 
series of elementary changes of state ab, he, cd, , . . (Pig. 83). The heat 
supplied along ah is obtained, in the case of gases, by measuring the area 
under abi (see 5), w^here ai is an isothermal and bi an adiabatic. By 
drawing the points a, h, c, d, . . . closer and closer together, the small 
three-cornered areas abi, bci, . . . become small compared wdth the strips 
l}dng below them. The sum of these small areas is, in the limiting case, 
neghgible compared wdth the sum of the strips lying below the isothermals. 

Hence, so far as heat quantities are concerned, any finite change of 
state can be replaced by a succession of elementary alternate isothermals 
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and adiabatics, or the continuous curve ahcde can be replaced by the 
zig-zag lines ai, bi^, do. 

TMs also applies to any kind of vapour if, in place of the isothermais, 
a curve of constant internal energ}^ is substituted (Fig. 84), which passes 
through a and meets the adiabatic through b at i'. The heat supplied 
along ab is greater than that supplied along the isothermal ai by the 
area abi (see 5), while the heat supplied along this isothermal (ai) is equal 
to the area below aii', as showm in case 6 (Fig. 83). In the limiting case 
the small triangle becomes negligible compared with the heat added 
along the isothermal. For saturated vapours the I curve lies below the 
horizontal isothermals (Fig. 85). 

7. Any kind of state changes, accompanied by heat supplies, can be 
substituted in place of the vSmall isothermals ai, ... in Fig. S3. Hence 



Fi ci. .S4 Fig. S,") 


a continuous change of state with heat supply can be replaced by any 
consecutive series of elementary changes of state, with heat supply, 
alternating with adiabatics. The case in which the changes of state are 
isothermals and adiabatics is, however, of special significance in con- 
nection with the elementary Carnot cycle (see page 185). 

Second form of the first law. Total heat at constant pressure. In any 
change of state AB, Fig. 80, the absolute work ABDE = E can also be 
expressed by the areas GABF ~ E', FBDO = VoV.y, and GAEO = 

Thus = E' A- 



V dp. 


The negative sign is required since, for decreasing pressures (i.e. dp 
negative), the product v dp is negative, whereas E' has to be positive. 
The first law 


then becomes Q = ~ + -YpoVo - -4 ■ AE' 

or Q = (/a + " (h H i) ” # 

and Jg depend only on the states A and B, i.e. on Pi, v.^, and 
P 2 > T^, so that the same applies to the sums (I^ + 

(/g + Ap^v^). These quantities are independent of the nature of the 
change between A and B and depend merely on the instantaneous state. 
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By writiag 

?! = 4 

and = L 2 

we have Q = - A 



( 193 ) 


For an elementary change of state this becomes 

dQ = dH-Avdp (194) 

The quantity H is called the '' total heat/’ For a change of state at 
constant pressure (p 2 ~ Pi— p) v dp ~ and / v dp ~ that the 
area E' is reduced to a straight line p-^. We then have 

q = H2- 


The difference between the values of H, in tw^o different states having 
the same pressure, is, therefore, equal to the quantity of heat required 
to change the substance from the one state to the other, while the pressure 
remains constant. 

Evaluation o£ H for gases and vapours. For gases, at the initial 
state, we have 

= A + 

= + Apii\ 

and since p-pi\ ~ R2\ 

== + ART^ 

Similarly, at the final state,' 

“H ART.) 

hence - 1^) + AR[T 2 - T^) 

or, since, U - q = T^-T^ 

H2-H^={c, + AR) {T^-T^) 


But, since + AR = c^, 

El = Cp{To- Ti) 

Again, since, pji\ = RT^, p^v^ = RT^ and - 


AR y~l 


we have A {p^v^ - Pit\) . 


(195) 


. ( 196 ) 


In an adiabatic change of state Q = 0, so the first law becomes 
0 =H2-Hi + AE' 


or 


E' 


•Si 


(for all substances). 
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This quantity E' is of importance in engine processes and in probiems 
on flow through nozzles. The method of determining the heat drop for 
steam turbines from the H(f> Mollier diagram depends on this equation. 

For further discussion on the quantita- i 
tive determination of total heat and its 
change in adiabatic process, see pages 64 
and 455. In this section only the graphical 
representation on the pv field is considered. 

If AB (Fig. 86) is an adiabatic, the area 
below it is equal to the change in internal 
energy, while the area between AB and the 
ordinate axis gives the change of total heat. 

For gases the latter is (in heat units) ~ 
and the former c^(q - 

Available work in constant pressure and constant volume processes. 
The available work in ITlb. of gas at the pressure 2h temperature 
means the useful work obtained from the gas when it expands adiabatically 
to the external pressure p^. Two main cases can be considered here. 

1. The working substance is supplied by a large container in which 
the pressure remains constant at p^. 



~\p-. 


— rTthsC ^ — 





j 

Jj 

ihWTTf 


Fig. S6 






2. The pressure -jh working substance is first estabhshed in a 

working chamber of constant volume. 

Examples of the first case are the compressed air motor, the recipro- 
cating steam engine, and the steam turbine (Fig. 87 , a and b). The second 
case is represented by the gas engine operating on the Otto cycle, and by 
the explosion gas turbine (Figs. 88, a and b). 

13— {57x4) 
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The available work, in the first case, is given by the area ABGD on 
the pv field. Air motors and steam engines generally deliver a part only 
of this work, because of incomplete expansion. The steam turbine, 
however, is capable of complete expansion and the whole of the weight 
W experiences the complete pressure drop. 

In Tig. 88 the available work is given by the area BOD, since no work 
is done at constant pressui'e (i.e. there is no cut-off). In the case of the 
gas engine this work is reduced, since the expansion is incomplete. In 
the gas turbine, however, the whole mass of gas expands to the lower 
pressure. If, in the latter ease, the explosion chamber is emptied until 
the pressure drops to ^ then, up to this point the work delivered 

is represented by the fraction BCHO of the total available work, where 

Q) 



GH is the adiabatic through G. Each small pressure drop Ajp in the 
explosion chamber corresponds to a strip between two adiabatics on the 
pv field. 

In the first case (constant pressure) the available work, as shown 
above, is 

H^-H^ = AE^ 

and in the second case (constant volume) it is 


Maintenance of available work during heat exchange at constant 
pressure. Two gases, weighing and TT 2 lb., having the volumes 
and F 2 ft., ^temperatures and C. with and at the same pressure 

p possess a total available work, which is given by the sum of their 
available works E^ + E^ (Tig. 89). 

If now, before delivering work, the colder gas II takes up part of the 
heat from gas I, we have to deter m ine here the new sum of the available 
works. 

Let the warmer gas I be cooled from T-^ to T\ so that it gives up the 
heat (2^1 - T'^, The colder gas is raised in temperature from T 2 

to y' 2 , so that it absorbs the heat jfa)* These heats are 

equal or 
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, . ^ (T'a - T^) 

which gives ( 197 ) 

From the characteristic equations, 

TiV, = W,R,T, 

PiV^ = W^R^T^ 

fF, V^R^T, 

w , = fa5\‘ 

Equating equations (197) and (198) gives 

2 ~ ^ 2 ) _ F 2 E 2 T 2 

^.1 (^1 - T\) V,R,T, 


and since 

^2 

Vz . 

T\_ 

Zfl and 

^ _ 

= !!h 



y'z’ 

Tx 

yx 



then 

y'-z 

- y^ 





Vi- 

- y'l ~ 


0 




F '2 - F 2 is the increase in volume of gas II due to its being heated, 
wliile Fj - F'l is the reduction in volume of gas I due to its being cooled. 
These volume changes are inversely proportional to the molecular specific 
heats, so that if these are equal, the changes in volume are equal, and 
the total gas volume remains the same. If the molecular specific heats 
are different, as, for example, if gas II is cold air at 20° C. and gas I is 
hot air, or hot products, at 1200° C,, giving Cp 2 < increase in 

volume of the cold gas is greater than the decrease in volume of the hot 
gas, so that the sum of the two volumes is increased by the heat inter- 
change. 

The original available work of gas I is now reduced b\" the amount 
AEi, while the original work E 2 increased bv the amount 

AE 2 (Fig. 89). 

For the same gas, the available works before and after the heat 
exchange are proportional to the initial volumes, 

El _ 

El- HE 1 ~ V'l 


and 


Eo 1 2 

W+^2 “ y '2 


from which it follows that 

_ Ml fYizlA\ 
NE, ~ E,V, [r^- Vi) 

~ Vx 0,, • 


( 200 ) 
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which, along with equation (200), gives 


A£i 


1 - 


1 - 


(Pi 


i yi 



Hence, if both gases have the same adiabatic exponents ~ = y, 

then Ai/jL == A^.j 

and the total available work remains unaltered. 

If, on the other hand, the exponents are different, e.g. for air at 
20° C, y., = 1*40, and for hot products at 1200° C. = 1*27, then for 


Ih 


1 

— 


1-292, 1-263, 1-239 

AA^ 


Hence, the available work of the cold gases increases by ‘a greater 
amount than that of the hot gases decreases, and the total available 
work increases, due to the heat exchange, by the amount A^g ~ 
giving the ratio of available work after and before the exchange as 


Tj ~ 1 


El + 


In the example given above r] is greater than 1, and this always occurs 
when the adiabatic exponent of the hot gases is smaller than that of the 
cold, and hence always in heat exchange between the same gases and 
also between air and hot products. 

The above relations apply also, with fair accuracy, to heat exchange,, 
using hot products containing steam, since superheated steam follows 
the adiabatic law — c, and also obeys the characteristic equation, 
approximately. It should be noted, however, that it has been assumed 
that c.p is independent of temperature, although this only applies within 
a limited range of temperature. A more exact treatment can be carried 
out by the heat entropy chaj't for gases or steam, since, in this way, the 
values of and E\ are directly determined. 

For an important application of the above see page 608. 

Cyclic processes. The conversion of heat to work in cylinders of 
steam and internal combustion engines is effected by the pressure of the 
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steam or gas on the piston, the pressure being produced by a supply of 
heat. If the pressures are plotted as ordinates to a base of correspon^g 
piston displacements (or, more correctly, to a base of volumes of the 
working charge), a work diagram is obtained which represents the work 
performed during a cycle (see page 98). When a diagram of this type is 
taken of an operating engine, it is called an " indicator diagram ’’ 7Figs. 
58, 59, and 60). 

Even though they diSer in many ways, the absolute work E^ per- 
formed during the forward motion of the piston is always greater than 
the absolute work E^ done on the gas or steam during the return stroke. 
The difference between these 



of the steam changes at certain periods of the cycle. This also occurs in 
internal combustion engines, but, in addition to this, changes occur in 
the chemical properties of the gases. We can, however, imagine an engine 
to operate with no change in the weight or chemical properties of the 
working substance, but which delivers work in a corresponding manner 
to the actual engine. 

Let 1 lb. of air at the pressure and volume Vq be contained in a 
C 3 ’’hnder, with the piston at the beginning of its stroke (point a, Fig. 91). 
On the forward stroke the pressure rises, say, as shown by the line ab, 
Vmax' This means that a considerable quantity of heat has been sup- 
plied to the air (see page 99). At II the supply of heat is stopped and 
thereafter the gas expands adiabatically to III. From III onwards heat 
has to be removed from the air so as to drop the pressure. This is neces- 
sary if the indicator diagram is to show an appreciable area. The heat 
removal continues beyond the dead centre position so as to make the 
back pressure on the piston during the return stroke as small as possible. 
At IV the heat removal stops, and from there on the piston compresses 
the air adiabatically to I by means of the energy stored in the flywheel. 
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Heat is now supplied to the air so that, at the inner dead centre position, 
the initial pressure Po again attained. 

Let the heat supplied, from the outside, between I and II be and 
the heat rejected along III c cl IV be Q^. The useful work E is represented 
by the closed area of the diagram. 

A working process of this type is called a “ cyclic process,” because 
the working substance, after suffering a series of pressure, volume, and 
temperature changes, is in the same state finally as it was initially. If 
the process is repeated n times the total heat supplied is the heat 
rejected is and the useful work 's nE. 

The process of an actual engine is different from the above in that 
the pressure drop along III c d IV is not caused by removing heat from 
a constant weight of the charge, but by removing some of the gas or 
vapour from the cylinder. Again, in gas or oil engines, the heat is supplied 
internally instead of externally, and in steam engines the portion I II of 
the diagram represents admission of live steam to the c^dinder. Consider, 
for example, the diagram of the Carnot cycle using steam (Fig. 76), 
which can be regarded as the indicator diagram of a steam engine. In 
the theoretical cycle the line I IV then corresponds to the heating of the 
water (evaporation), while in the actual engine it represents the admission 
to the cylinder of a previously evaporated quantit 3 ^ of steam. Line 
III II represents the condensation of the steam in the cyclic process, 
whereas in the actual engine it represents the exhausting of the steam 
from the cylinder. So far as the deliverer of work is concerned, it is 
immaterial which method of suppty and withdrawal of heat is considered. 
The nature of the heat conversion, however, is much more easily followed 
if the mass and chemical properties of the working substance are regarded 
as constant. It is only necessary to ensure, then, that the actual process 
of the engine is replaced by a cyclic process which gives the same pressure 
diagram. (See Schiile’s Tech. Ther., Bd. II, Art. 47.) 

The heat supplied to the working substance during a cycle is and 
the heat withdrawn Qg* therefore, if Q 2 < Qi “tk® excess 

heat might be contained in the gas, or if Qg > Qi> "^ke keat lost, 

Q 2 - Qii might be taken from the gas. Neither of these cases is possible, 
since the final state of the working substance is the same as the initial 
state. We would have, therefore (as Carnot assumed), ~ 

But the useful work E would then be obtained without an expenditure 
of heat, and this contradicts the first law. Hence it follows that must 
be less than Qi. 

The heat Q = has accordingly disappeared during the process, 

i.e. it has been transformed to work, and since the heat equivalent of the 
work done is AE, we have 

AE = Qj~Q2 

Of the heat supplied, therefore, between I and II, at the high 
temperatures, only the portion Q = AE = is transformed to 

mechanical work. 

The unconverted portion, Q^- AE, of the supplied keat has to 
be removed from the working substance at a reduced temperature and 
must be regarded as a loss. 
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The quotient 


is called the thermal efficiency of the cyclic process, and gives the fraction 
of the supplied heat converted to work. 

In the cyclic processes, the adiabatics, in which heat is neither supplied 
nor rejected, might conceivably be absent, in which case the points II 
and III, as well as IV and I, would coincide, and the heat mthdrawal 
would merge with the heat supply. This case, however, would be less 
general. In actual engines there are always two naain periods, one in 
which heat is supplied and one in which heat is rejected (as in Fig. 91), 
while the periods II to III and IV to I can, in the ideal case, be regarded 
as adiabatics. 

The cyclic process is merely a changing of states of the working 
substance, with a return to the same initial state. If, in a complete cycle, 
mechanical work is done, a motor process results. The first law then 
becomes, with 7i — /g, 

Q = AE 


The whole heat Q, which is the algebraic sum of all the heat supplied 
and rejected in the process, is thus equal to the closed area of the 
diagram, which can have any general form like Fig. 91. If alternate heat 
supply and removal occurs, then Q ~ Qi - Q 2 -r Qz- • • • = AE, while 
in the case of continuous changes in the heat supply and removal, 



This is the simplest mathematical expression of the first law applied 
to any cyclic process. 

Reversed cyclic processes (Refrigeration). The transfer of heat from 
low temperature to high temperature substances, as requhed in refrigera- 
tion, can be represented by cyclic processes, which operate in the reverse 
direction to motor cyclic processes. 

For the purpose of simplicity and of comparison with practice, the 
process (Fig. 76) in which ammonia is the working substance will be 
considered. 

At the beginning of the cycle (point I, Fig. 76) let the cylinder contain 
1 lb. of very wet ammonia at the higher pressure Due to the outward 
movement of the piston, the vapour first expands adiabatically so that 
the pressure drops to and the volume increases to r. 3 . At the same time 
a temperature drop, corresponding to the pressure drop, occurs, and 
some of the liquid evaporates (see page 379). From II onwards the 
pressure remains constant at p^ in spite of the volume increase caused by 
the movement of the piston. This is only possible if sufficient heat 
be supplied between II and III to maintain the evaporation of the 
ammonia. During this period no change occurs in the temperature. 

On the return stroke of the piston the vapour is first compressed 
adiabatically to the initial pressure p, as shown by III IV. This causes 
the temperature to rise to the initial value, provided the vapour is not 
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superheated. From IV onwards the pressure remains constant, in spite 
of the reduction in volume due to the movement of the piston. This is 
only possible if the heat given up is equal to that required to condense 
the vapour during this reduction in volume. Let be the complete heat 
withdrawn between IV and I. At I the pressure, volume, and tem- 
perature have been returned to their initial values, and the cyclic process 
is completed. 

The total work E performed on the ammonia is given by the closed 
area of the diagram. The process, similar to the motor process, consists 
of a heat supply (II HI), a heat withdrawal (IV I), and two adiabatics. 
While, however^ in the motor process, heat is supplied at the high pressure 
and temperature, and withdrawn at the low pressure and temperature, 
the reverse now takes place, and in place of the delivery of useful work 
the process demands a supply of useful work equal to the area of the 
diagram (Fig. 76). By reversing the arrows of the refrigerating process 
diagram, the diagram of a vapour engine is obtained. 

In spite of the supply of heat and the removal of the (greater) 
quantity of heat there is, as in the case of the motor, neither an 
excess nor a deficiency of heat in the ammonia after completing a cycle, 
since the final state is the same as the initial. The excess heat vuthdrawn, 

~ (^25 niust be accounted for, therefore, by the work E done on the 
vapour. Hence 

AE = Qi^ Q 2 , 

or Qi — AE + Q 2 

The result of the cyclic process, therefore, merely means that the 
quantity of heat taken up by the ammonia at the lower temperature 
is withdravm from it at the higher temperature. Along with. the heat 
equivalent of the work done AE = Q is withdrawn. 

Hence, in order to raise the quantity of heat at the lower tem- 
perature T 2 to the higher temperature T^, the work E has to be performed. 
The heat equivalent of this work is equal to the difference between the 
heat carried away by the cooling water and the heat (refrigerating effect) 
taken up by the ammonia. 

This process would not be possible in a single cylinder, as it is neces- 
sary to have separate cylinders for compression (III IV) and expansion 
(I II), A separate condenser and an evaporator are also required. 

The actual process of vapour compression refrigerators differs from 
that of Fig. 76 in that the adiabatic expansion (I II) is replaced by 
throttling. 

If the process shovm in Fig. 91 is reversed, a refrigerating process of 
a more general nature than that just described is obtained. 

Both the refrigerating and motor processes are also represented in 
Fig. 92, The machine is either a motor or refrigerator, depending on 
whether the positive or negative areas are greater. 

The refrigerating process can also be applied in raising a given quantity 
of heat, at the temperature of the surroundings, to some higher tem- 
perature. 

Elementary cyclic processes. If the indicator diagram of a cyclic 
process (Fig. 93) be split up, by a series of closely adjacent adiabatic 
curves, into small strips, each of these strips, bounded by two adiabatics 
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and by two elements of the state curve, is called an elementary cyclic 
process. The nature of these is the same as that of the finite process 
described on page 180. 

If it is imagined that the working substance goes through a series of 
these elementary processes, one after the other, the total mechanical 
work delivered is the same as in the actual process. Again, the sum of 
the heat quantities supplied dQ-^, i.e. + and the sum of the heat 
quantities removed dO.,, i.e. - are the same as in the actual case (see 



page 174, 6). Hence the actual case may be considered as being made 
up of the sum of the elementary processes. 

Heat conversion in the elementary process. Let the heat supplied 
along ab be dQ, the heat rejected along a'h' be and the work ahCa' 
of the elementary process be dE, then 

AdE — dQi - dQ^ 

If ai is an isothermal through a, the heat supplied along ai is, as 
shown on page 174, only very slightly different from the actual amount 
dQi supplied along ab, and in the limiting case these quantities become 
equal. 

Similarly, if h'i' is an isothermal through F the heat withdrawn 
along b'i' is the same as that along Fa'. We have now obtained a new 
elementary process, to which the same heat quantities dQ^ and dQ^ 
apply as in the actual case, and in which the work area differs from dE 
by a negligibly small amount. 

This proposed process, however, is a Carnot cycle, so that, as showm 
on page 163, 

AdE = d(, 

where T^ and T^ are the absolute temperatures along ai and Fi' 
respectively. 

We also have 


dQ^ 
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In the case of the actual elementary process we have, from page 183, 


so that, here again. 


, T 


2 


The efficiency of any arbitrarily chosen elementary adiabatic process 
is thus equal to that of the Carnot process between the same temperature 
limits. 

In finite cyclic processes, therefore, occurring with heat supply at 
varjfing temperature, the fractions of the heat supplied at the highest 
temperature will be most advantageously employed. 

The following relation holds between the elementary quantities of 
heat dQ^ and and the temperature hmits and 

dQj^ ^ dQ^ 

'T~ J 


While, therefore, dQ^ and dQ 2 are alw^ays difierent, with dQ^ > dQ^ 
the above quotients are equal. Writing, therefore, in a finite cyclic 
process such as Tig. 93, this relationship for all the elementary processes 
and summing gives 


Ji ^1 Jni 


T, 


Hence the sum of all the quotients dQJT decreases during the heat with- 
chaw^al by the amount that it increases during the heat supply. 

If equation (204) be written in the form 


dQ^ 





= 0 


and be regarded as the algebraic sum of all the quotients dQ/T in the 
complete cycle, in which the elements of heat supply are regarded as 
positive and those of heat removal as negative, we can -write 



Writing d(f) = dQjT, and calling (j>, as in the case of gases on page 125, 
entropy, equation (205) can be expressed as follows — 

The total change of entropy of the working substance in a reversible 
cycle is zero. 

This law, or the corresponding equation (205), is the simplest expres- 
sion of the second law in its application to cycles using any working 
substance. 

In the ease of a cyclic process m which each change of state is an 
isothermal equation (205) becomes 


or 


= 0 
< 3-0 
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Since the first law gives J dQ = AE, we also have 
0 

Hence, in a purely isothermal cyclic process, the sum of the heat 
quantities and the total useful work are both zero. 

Such cyclic processes cannot be carried out with physical changes of 
state alone, but consist of physical and chemical changes of state. An 
important application of this case for saturated vapours is given in 
Schiile’s Technische Thermodyna7nik, Bd. II, Sect. 15. 


ENTROPY AS A MAGNITUDE OF STATE 

Statement of the second law applied to any changes of state. From the 
result deduced in the previous section, the further deduction can now 
be established that the entropy of any 
substance is a magnitude of state. This 
property of entropy has already been 
established, in the case of gases, from 
their characteristic equation, and in the 
case of any substance from the second 
law and the Carnot cycle. 

Let the entropy at any initial state 
point po. ^0 (point A, Fig. 94), be 
Due to a change of state such as ACB, 
resulting from a heat supplv, let the 

rB dQ 

entropy increase by / . This value 

JA Fig. 94 

can be determined if the heat quantities 

supplied, and the temperatures along the state line, are known. Let 
cl> be the final value of the entropy (at B), so that ^ - <;6 q is the increase 
in entropy along AB. 

If the substance be returned to its initial state along the same path 
BCA, the entropy decreases again to (f)Q, for at each point the temperatures 
are the same as on the forward path, and the same quantities have to be 
removed as were previously supplied. Hence the sum of all the quantities 
dQjT must be the same on the return path. 

It might, however, be argued that, if the substance changed its 
state along AO'B, instead of along ACB, the increase in entropy would 
be different and equal to (ji - <^o ± At &st sight this seems reasonable, 
since the heat quantities supplied along AC'B are now different, so that 
the quotients dQJT are also different. On the return path BC'A the 
entropy would decrease by the same amount. 

If now the substance passes from A to B through C, and returns 
through G\ it completes a reversible cychc process. As shown on page 
186, this means that the total change of entropy is zero. If, however, as 
assumed above, the entropy increase on the outward path were ^ - <^ 0 , 
and on the return path the decrease were i: s, then, in the com- 

plete cycle, the entropy would change by the amount ^ s. This con- 
tradicts the second law, so that A: ^ must be zero. The difference in the 
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entropy values between A and B is thus purely determined by the 
positions of A and B, i.e. by Vq, Tq and v, T. The entropy increase 
is always the same^ whatever path is followed between A and B. 

Entropy shares this property in common with the internal energy 
and total heat of substances, in addition to the magnitude of state, 
pressure, volume, and temperature. The entropy, internal energy, and 
total heat have thus quite definite values in a given state and can be 
used, in a reverse sense, to indicate the state of a substance. 

This is analogous to the available work possessed by a body in virtue 
of its weight. A bodj’^ of weight W always delivers the same potential 
work Wh, whether it drops vertically or along an inclined straight, or 
curved, path tlirough the vertical height h. As opposed to this, however, 
the work E, performed by compressed gases or vapours, depends not 
only on the initial and final values of jp and v, but also, to a large extent, 
on the path pursued in the change of state. E does not indicate the 
state, nor does the heat Q supplied between two states, since Q can have 
any value. 

This is expressed mathematically by sapng that the expression 


. (206) 


is a complete differential. This means that the sum 



(207) 


between two fixed limits, vdthin which Q and T vary, is independent of 
these intermediate values (and of p and "^hich can be of widely varying 
amounts. 

The same appUes to the function, expressed in the form of a general 
integral, by equation (206), 


i.e. 



constant 


(208) 


The equation dQ = Tdcf) . (209) 

is called the “ equation of the second law ’’ (for reversible changes of 
state). It, along with the equivalent equations (206), (207), and (208), 
applies to all substances. 

A change of entropy always occurs when heat is supplied to or with- 
drawn from a substance, as is shown by writing dQjT for the change of 
entropy. Hence it can be stated that sensible heat is neither supplied to, 
nor taken from, a substance when its entropy remains constant. This is 
similar to the statement that mechanical work performed on, or by, a 
gas or vapour, is only possible if accompanied by a change in volume. 
The heat taken up, or rejected by, any substance in any small reversible 
change of state is, by equation (209), the product of the absolute tem- 
perature and the small change in entropy of the substance. 

It must not be assumed unconditionally, however, that, if no heat is 
supphed to, or taken from, a substance, its entropy cannot change. 
This assumption is valid only for reversible changes of state. In irrever- 
sible changes of ^ate the entropy always increases (see page 208). 
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Evaluation oi the entropy function for gases and vapours. Entropy 
changes accompanying state changes can always be determined when 
the relations between the heat quantities, supplied or withdi'awn, and 
the temperatures are known. 

[a) Gases. Let a gas be heated, first at constant volume, from 8.T.P. 
conditions so that the pressure rises from Po to p (line AG, Fig. 94), and 
the temperature rises from Tq to T'. The gas is then heated at constant 
pressure till the volume increases to v and the temperature to T. 

In the first step the heat supply, for a rise dT is dQ = c^dT, hence 
the elementary increase in entropy is 





T 


The sum of these quantities between A and G is 


or, since 


T' 

TfT 
1 0 

T' _p 
^0 Po 

= Cv log« ^ 


This is given, either by the integral 


i 


T dT , T 
T “ To 


1 


or by the area of a rectangular h^^perbola in which ~ is plotted to a 
base of T, 

For the second step GB we have 
dQ = CjjdT 

so that, as before, 

T 

Jr/ 

T V 


or, since 


T 


4^1i 4^Gt — ^33 


The total change in entropy between the arbitrarily chosen states 
A and B is, therefore, 

JfO ^0 

The general form, from equation (208), is 

<f> = logg p + loge ^ + constant 

The same result would be obtained along any oth^ path. See also 
pages 123, 127, and 131. 
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(6) Vapours. See pages 373 and 430. 

As shown above, it is only the change in, and not the absolute value 
of, entropy which is determined. The zero point of entropy can be at 
any arbitrarily assumed state. 

From a new heat theorem, however, established by Nernst,*^ on the 
condition of solid and liquid homogeneous substances at absolute zero 
temperature and its neighbourhood, Planckj has shown that at T == 0 
the entropy of every chemically homogeneous solid or liquid is zero. 
This is of special importance in the thermodynamics of chemical processes. 

ENTROPY DIAGRAM OP CYCLIC PROCESSES 
THERMAL EFFICIENCY 

Process of maximum heat conversion. By plotting the absolute tem- 
perature T, of points on the diagram of Fig. 91, to a base of entropy 
values a closed diagram shown in Fig. 95 is obtained. The curve I II 
of heat supply in Fig. 91 corresponds to the curve I' II' in Fig. 95, and 
the curve III IV of heat withdrawal to the curve III' IV'. The adiabatic 
curves of Fig. 91 are represented by vertical lines, since the entropy 
changes of state are constant (see page 128). 

The area below I' II' (Pig. 95) is the heat supplied and that below 
HI' IV' the heat withdrawn! ^ 2 * Hence the closed area of the entropy 
diagram I' II' III' IV' is equal to the difference This, however, 

as shown on page 182, is the heat converted to work, of which the 
mechanical equivalent E is given by the corresponding indicator diagram 
(Fig. 91). 

The area of the closed entropy diagram of the cycle thus represents, 
in heat units, the same work as the area of the pv diagram. This applies 
to the complete cycle, however, and not to the separate state changes. 

The unconverted or rejected heat depends on two factors, as 
shown by the entropy diagram. The first of these is the value of the 
absolute temperatme at which the heat withdrawal occurs (i.e. the mean 
height T'^ of the area and the second is the increase in entropy 
during the heat supply (i.e. the width of the area Q^. 

If, now, the greatest possible amount of the heat supplied in the 
cycle is to be converted to work, should be as small as possible. This 
occurs when the temperatures, during the wdthdrawal, are as small as 
possible, but these temperatures are limited by that of the atmosphere 
or of the cooling winter supply. So far as the conversion to work is 
concerned, the most suitable heat withdrawal occurs when this tem- 
perature is maintained constant. The lower limit of the entropy diagram 
is then an horizontal line at the height T^ above the abscissa axes, while 
in the field it is an isothermal, i.e. a straight line for vapours and a 
rectan^ar hyperbola for gases, such as AD in Figs. 98 and 100. 

For a given supply of heat i.e. a given area below I' II', the vddth 
of the area depends on its mean height T^ on the entropy diagram. 
Hence, as the mean temperature is increased, the entropy decreases, so 
that the loss, due to the heat removed is reduced. 

* jSTemst, Theoret, Chem., 6 Auf (1909), page 699. First published in the 
Nadir, d. Gesellsdi. d. Wissensch, zu, Gottingen, Math-physih, Kl, (1906), Heft. 1. 
See also Sehiiles, Tech. Ther., Vol. II. 

f M. Planck, Vorlesungen uber Thermodynamik, S Auf. (1911), page 268. 
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For a given supply of heat with a fixed mean temperature it 
is obvious that the nature of the state change, during this supply of 
heat, has no effect on the heat usefully converted to wnrk. The tem- 
perature can increase, decrease, or remain stationary throughout the 
change. (Curves I' II', gh and ik.) 

Hence there is no " best ” change of state during the heat supply. 
It is just as suitable at a high as at a low initial temperature, provided 



the mean temperature on the entropy field is the same, or, w^hat amounts 
to the same thing, provided the entropy increase is the same. 

In the particular case of the Carnot cycle, for instance, with its 
isothermal heat supply, there is no advantage over other cycles in which 
heat is supplied with increasing temperature. (Gas and oil engines.) 

An isothermal heat removal is, however, the most advantageous on 
account of the fixed lower available temperature of the large cooling 
water quantities. 

On the pF field the two adiabatics, separated by a definite amount, 
correspond to the adiabatics I' IV' and II' III' on the entropy diagram. 

v" 

Where the specific heat is constant, the ratio ^ (Fig, 96), determined 
by this distance, is the same at all pressure levels. Where the specific 
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heat is variable, however, -7 is, to a certain extent, variable. In the first 

V 

case tlie ratio is determined as follows — 

The increase in entropy ^luring the heat supply is given by 

Qi ~ {<f>- <I>q)T 

Qi 


or 


(f>Q 


As shown by the entropy diagram, the increase of entropy, between 
any two points' on the upper and lower adiabatics, is constant. In the 

v" 

case of gases, this increase is given in terms of the ratio ~ , if a path of 

constant pressure be followed between the lower and higher adiabatics, 
corresponding to the straight line AB of the diagram (Fig. 96). This 
gives (page 128), 

= 2-303 log ~ 


hence 


or 




2-303 Cj, log ^ 


log - = - 

® v' 2-303 c„ T„ 


Thus, if = 450 C.H.U./lb. (overload), Cj, = 0-3, and = 1200 
3 

we have log ^ = 3.303 x 1473 = 


and 


^ = 2*77 

V 


The expression is not so simple when is variable, in which case it 

is better to employ the entropy diagram. The entropy increase ^ is 

set off to the right of the given pressure curve and the change in volume 
determined from the constant volume curves. 

The value of v"lv' for the gas engine indicator diagram shown in 
Fig. 58 is 2*4 at the compression pressure level and 2*3 at the release 
pressure level. 

The upper part of the Diesel engine overload diagram (Fig. 60) gives 

v" 

-7 = 1*93 and the lower part 2*5. 

. 

As ~ is reduced, the mean temperature, during the heat supply, 

increases, so that the unavoidable loss is reduced. 

AH areas, representing useful work on the entropy diagram, between 
two given adiabatics, will be equal, if they have the same mean tem- 
perature during the heat supply and a common lower temperature. 
The line of heat supply can thus be of any form. 
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Hence the corresponding indicator diagrams, on the jw field, are also 
equal. Three cases are shown in Fig. 96, viz. isothermal heat supply 
(Carnot), constant pressure heat supply (Diesel), and constant volume 
heat supply (Otto). These heat supplies are all equal. It Tvdll be observed 
that the isothermal case requires a considerably higher maximum pressure 
than the other two cases, and shows no compensating advantage. For a 
given thermal efficiency the constant pressure Diesel process shows the 
lowest maximum pressure. Diesel engines which do not operate at a con- 
stant pressure combustion, but with a pressure increase above that of 
compression (as in solid injection engines) demand larger maximum 
pressures for the same efficiency. 

The highest compression is required by the isothermal process and 
the lowest by the Otto. 

Engines of equal power, which operate on these three cycles with 
equal thermal efficiency, have to have the same stroke volume if the heat 
supplies are to be equal. The clearance volumes, however, are different, 
the smallest being that of the isothermal process and the largest that of 
the Otto. 

Since, in a process having any arbitrarily chosen upper and lower 
limits, ~ ^q) Q^z — ~ if follow^s that the thermal 

efficiency is 


r] = 


^ 


1 - 


T' 


Thus, if T^y 
then 


1200 + 273 and T',^ = 100 - 
, 373 


273 


while, with T' ^ = 350 + 273 rj = 0*58 

The absolute value of the upper temperature depends on the 
heat Qj^ supplied to 1 lb. of the charge (i.e. the calorific value of the 
charge) and on the adiabatic pre-compression. It is due to the latter 
that the high temperatures necessary for a reasonable conversion of 
heat to work are rendered possible. Theoretically, any temperature 
could be attained by means of compression, but a practical limit is 
imposed on the compression pressure by the strength of the cAdinder, 
by the difficulties of lubrication, and, in the case of the compression of 
explosive mixtures, by the pre -ignition temperature. 

If the upper temperature exceeds 2000® C., partial dissociation occui*s 
(for CO 2 it occurs at 1700® C-). This causes a part of the combustion heat 
to be absorbed in splitting up the gas molecules, so that this heat is not 
available for raising the temperature. Hence the conditions at high 
temperatures are different f^om those considered above. 

If it were possible, by 4iparate compression of the air and fuel, to 
attain so high a temperature, that, on uniting the two gases, no com- 
bustion occurred, owdng to the maintenance of complete dissociation, 
and this were followed by a continuous chemical combining during 
expansion, the highest possible thermal efficiency would be obtained. 

*It is assumed here that exhaust occurs in the usual way, that the full stroke is 
utilized during suction, and that the same fuel is used. 

14— (5714) 
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(From Nemst, Z.VjLL (1905), page 1427.) The heat conversion would 
be almost the same as the calorific value. A maximum upper temperature 
of about 5000° C. would, however, be required for this process, so that it 
cannot be carried out in practice. (See Schiile’s Technische Thermodynamik , 



Bd. II, Sects. 31 and 46, regarding another method of almost completely 
converting chemical energy to mechanical work.) 

Available work from heat generated at constant pressure. The heat 
developed in combustion processes is absorbed by the gaseous products 
of combustion. These, then, form the working substance, the changes in 
the state of which enable the heat to be converted to work. 

On the assumption (which is not quite justified) that the combustion 
heat is supplied from the outside to the products with no change in their 
analysis, the cycle giving the maximum work can be found, as shown 
on page 190. It consists of two adiahatics (compression and expansion), 
an isothermal for the heat removal, and, for the case considered here, 
a line of constant pressure heat supply. 
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Fig. 97 shows the entropy diagram, to scale, with initial and final 
compression temperatures of 20'' C. and 600^ C. respectively and a final 
combustion temperature of 1300° C. (The corresponding indicator dia- 
gram shown in Fig. 98 is shown for considerably lower pressures and 
temperatures in order to avoid a confusing diagram.) B'C', in Fig. 97, 
shows the line of heat supply, CD' the adiabatic expansion, D'A' the 
isothermal compression, during which heat is removed and the pressure 
raised to the initial value, and A'B' the adiabatic compression, with 
which the process commences. 

The area below B'C' gives the heat supplied the area below A'D' 
the unavoidable heat loss and the area A'B'C'D' the heat 



which is converted to work. With the figures given above, Qo is about 
24 per cent of Q^, so that the thermal efficiency is 76 per cent. 

In the Diesel cycle (or constant pressure cycle) the portions EAD on 
the pV field and E'A’D' on the T<f> field are omitted. E'A' and EA 
represent the constant volume exhaust period. The heat loss is thus 
increased, so that the thermal efficiency is reduced to 62 per cent. 
As regards the actual process, see page 343. 

If combustion occurs at constant atmospheric pressure, as in furnaces, 
instead of at 850 Ib./in.^ abs., as shown in Fig. 97, the curve is now 
represented by A'F' . The area below A'F' is the same as that below 
B'C', since the same heat is supplied in the two cases. The unavoidable 
heat loss, however, given by the area below A'D", is now about twice 
as large as before. Hence combustion in furnaces, with moderate initial 
temperatures, is not so advantageous, as regards the possibility of heat 
conversion to work, as combustion in constant pressure engines with 
initial compression of the charge. 

For a condensing steam engine or turbine operating on the Carnot 
cycle with the same heat supply and supply steam at 225 Ib./in.^, the 
unavoidable loss is still greater and is given by the area below A'J 
{rj = 0-38). The ideal cycle of the actual steam engine shows a still 
higher loss (area below A'J-^, rj = 0*34). In these steam cycles a con- 
denser temperature of 20° C. has been assumed. 
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If the heat generated by combustion at atmospheric pressure were to 
be used directly in a gas engine (instead of being used to generate steam), 
the resulting diagram would be A'F'D"A', for which the eJfficiency is 
'^'1 = 046. This is represented b}- the cycle AFU'DA on the field 
(Fig. 98) and lies entirely below the atmospheric line. 

Available work from heat generated at constant volume. The 
diagram of the cycle process showing the greatest conversion of heat to 



work in this case (Figs. 99 and 100) is similar to that at constant pressure, 
except that the constant volume line B'C’ now takes the place of the 
constant pressure line. In the indicator diagram (Fig. 100) it is shown 
by the vertical BC. The other lines are the same as before. 

With assumed temperatures of 360° C. at the end of compression and 
1300° C. at the end of combustion, the unavoidable loss is 29 per cent of 
the heat supplied, so that the efficiency is tj = 0*71. 

In the gas engine (Otto) cycle, the areas EDA on the field and 
E'D^A' on the T<j> field are absent. This gives rj = 046. 
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The ejEficiency of the ideal constant pressure cycle, ^ith the same 
maximum pressure, is easily found by drawing the curve of this pressure 
through C' and locating C" so that the area below is equal to the 
area below B'G'. The heat lost is then less than before by the area below 
D'D" or, in the case of the Diesel with constant volume exhaust, by the 
shaded area below E\ which is about double the area below UD"', Hence, 
for the same maximum pressure, the Diesel cycle is slightly more efficient 
than the Otto cycle. 

The absolute value of the efficiency depends primarily on the amount 
of compression (point B'). With no compression the heat supply takes 



place along A'F\ The heat rejected, given by the area below A'D"\ has 
then its greatest value, giving a resulting least efficiency. 

By drawing a line of constant pressure A'G' through the initial point 
A\ it will be seen that, due to the adiabatic expansion C'D' or F'D' ', the 
pressure drops below the initial pressure, i.e. below atmospheric pressure 
(see page 142). This sub-atmospheric pressure is shown directly in 
Fig. 100. 

If, in the constant volume process with no compression, expansion 
proceeds to atmospheric pressure (i.e. to G on the p V field and G' on the 
T(j> field), and is followed by exhaust at the same pressure (6^h4'), the 
ideal cycle of the earliest gas engine — ^the Lenoir — ^is obtained. It corre- 
sponds to the areas AFGA and A*F'G'A\ The useful work is only 19 
per cent of the heat supplied. 

In the actual Lenoir engine the expansion was incomplete, but in 
the Langen and Otto atmospheric engines it was carried below atmo- 
spheric pressure, which partly accounts for the considerably reduced gas 
consumption in these engines. 

In constant volume and constant pressure engines, as now built, no 
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work is delivered below atmospheric pressure. As seen from the Tcf) 
chart, this means a considerable loss of work, but the loss is reduced as 
the pressures and temperatures are increased, i.e. as the compression 
pressures are increased, 

The above entropy curves have been drawn on the assumption of 
constant specific heat. When exact values are required, use should be 
made of the entropy charts I and II, in which the variation of specific 
heat has been taken into account. 

Explosion tarbine (Holzwarth). The cycle is shown in Fig. 101. A 
combustible mixture of air and gas is drawn into a compressor at atmo- 



spheric pressure {EA) and compressed isothermally (AB). This com- 
pressed mixture then fills {FB) a combustion chamber, which has been 
previously emptied to atmospheric pressure. At B the mixture is ignited 
and the pressure rises from to {BC). The discharge valves are then 
opened, allowing the hot gases to expand adiabaticaUy, through de Laval 
nozzles, to the back pressure The kinetic energy thus given to the 
gases is transferred to a tmrbine wheel. The gases then exhaust to the 
atmosphere (after having given up some of their heat in a waste heat 
boiler). The ideal available work of the cycle, neglecting the heat given 
to the boiler, is given by the area ABCD (Fig. 101). The process is shown, 
on the entropy field, by the closed cycle MB' CD' (Fig. 102), which also 
represents the ideal available work. The area below B'C gives the heat 
supplied, and the ratio of the work area to this area gives the ideal 
thermal efficiency ritn- In Fig. 102 the reciprocating Otto cycle for the 
same heat supply has also been drawn. Its area is given by A'B"C'"D"'A' 
and is considerably smaller than that of the gas turbine. The ideal 
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efficiency of the Holzwarth cycle is thus greater than that of the Otto 
for the same amount of compression and the same weight of charge. 

A diagram is also shown in Kg. 102 for a richer mixture, i.e. for the 
same weight of charge having more gas and less air (explosion tem- 
perature 1450° C.). The ideal work A'B'C"D'' is considerably greater, 
although the compression work B'A'H N remains the same. 

The Holzwarth-Schule cycle. In practice, it is difficult to keep the 
heat and mechanical losses of the gas turbine within such hmits that 

the thermal efficiency is reasonably 

high. Hence, as in the steam turbine, 

it is necessary to introduce multistage 7] 

expansion. The useful available work ^ 

is then divided into two main parts f } 

(Fig. 101), the high pressure work C ^ j 

BCG, which may be delivered either — i 

by a single or a two-row wheel, and j 

the low pressure work FGDE, which ^ i { 

is delivered by a low pressure turbine '~\ j 

M'l _] — I — 

f 


C ombustio n''^ 

Space, 





^Compression 


Fig. 102 


Fig. 103 


fed from a receiver in which the pressure po is maintained constant by 
the exhaust gases from the high pressure stage. Hence the L.P. turbine 
is similar to a steam turbine in that the supply pressure remains con- 
stant. The L.P. turbine is further improved by having a steam super- 
heater fitted in the receiver, so that the temperatures in the turbine 
are reduced without any loss in the total available work (see pages 
178 and 608). The cycle of this combined explosion and constant 
pressure turbine is shown in Fig. 103. 
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IRREVERSIBLE PROCESSES 

Fundamental conditions of reversibility. In the trecatment of state 
changes of substances, considered in the previous sections, it was assumed 
that such changes as the isothermal or adiabatic could proceed in either 
direction, so that, if an expansion were immediately followed by a com- 
pression back to the original volume, exactly the same states would be 
passed through. These state changes are said to be “ reversible.’" 

In this, two conditions which are never quite realized in practice have 
to be fulfilled. The first is that complete equilibrium exists within the 
gas during the entire course of the change. This equilibrium is such that 
all portions of a substance which is changing its state must have the 
same pressure and temperature. These quantities must also satisfy the 
characteristic ecpiation 

jyV = WET 

which itself is based on the assumption of complete equilibrium. 

In the case of a gas or vapour expanding so slowdy in a cylinder that 
the movement of the piston is negligibly slow compared with the propa- 
gating velocity of the gas pressure (which is equal to the acoustic velocity) 
this condition is almost completely realized. Even with low piston 
speeds, however, a disturbance of the equihbrium can occur. Thus, 
when a dir'phragm having a small orifice is fitted in the cylinder, any 
movemeiit of r\w. j)iston establishes different pressures and temperatures 
in the separated spaces of the cylinder, since the gas has to flow through 
the orifice. This flow requires a pressure difference between the two 
spaces and turbulence results in the space next the piston. If the orifice 
is made very small, throttling occurs, causing a still greater deviation 
from the state of equihbrium. It is obvious that state changes of this 
nature, even if unaccompanied by heat supply or removal (i.e. adiabatic 
changes), do not follow the law = constant, and are not reversible. 
Further, the work done on the piston is always less than that given by 
the law of expansion = C, due to friction and turbulence. 

In the flow of gases, therefore, the simple state equations only apply 
when the flow is frictionless and unaccompanied by turbulence. If these 
conditions are fulfilled, a compressed gas flowing at high velocity may, 
by means of its own kinetic energy and suitably designed nozzles, be 
returned to the same state as that at which the flow commenced. 

Actually, these conditions are never realized, so that no flow is 
completely reversible and the state changes cannot be expressed by the 
adiabatic law piv'" = (7, even when all heat flow to, or from, the gas is 
prevented. The kinetic energy of the jet is never quite so high as that 
corresponding to the work given by this equation, and the gas cannot 
be brought to the original pressure by means of its own velocity. Hence, 
since the condition of complete equilibrium cannot be attained in practice, 
it follow^s that completely reversible state changes never occur. 

When air flows from one heat insulated vessel into another, the 
process is again adiabatic, but is not such that the adiabatic equilibrium 
equation pv^ = constant is satisfied. The whole of the flow energy is 
reconverted to heat by friction, turbulence, and impact in the second 
vessel as conditions are settling down. This heat is just sufficient to return 
the ah, which was cooled during the flow, to its original temperature. 
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In the final state, therefore, the internal energy is still the same, but the 
pressure is reduced. This pressure is higher, however, than the final 
pressure found from the adiabatic law of expansion, and since, during 
expansion, no external work has been done, it follows that no work is 
now available to compress the gas back to the initial pressure. This 
process is, therefore, also irreversible, since it occurs vith complete 
disturbance of internal equilibrium. 

The second condition is that there must be no temperature difierence 
between the substance which is changing its state and the walls sur- 
rounding the substance. Hence, in changes of state accompanied by a 
heat supply or rejection, the temperature difference, necessary for the 
heat transfer, between the substance and the hot or cold body must be 
indefinitely small. Also, in adiabatic changes, either the wall temperature 
must follow the gas temperature exactly or no heat flow must occur 
between the gas and wall 
in spite of a temperature ’ 
difference. These condi- 
tions are never attained in 
practice, since in all heat 
transmission a finite tem- 
perature difference is re- 
quired, and, conversely, 
where temperature differ- 
ences exist, heat flow neces- 
sarily results. A purely 
adiabatic state change, 
which satisfies the equa- 
tion = constant, is thus 
never attained. During expansion a certain amount of heat always flows 
from the surroundings to the gas and, during compression, heat flows 
from the gas to the surroundings, so that the state hnes of alternate 
expansions and compressions do not coincide. 

The simplest example of a state change accompanied by heat supply 
is that of the isothermal. In this case the whole of the compression work 
is transformed to heat, which must be entirely transferred to the cooling 
water. In the case of expansion the whole of the work done must come 
from the equivalent heat supplied by the hot source to the gas. 

Consider now that during compression AB, Fig. 104, the gas tem- 
perature at every instant is equal to the cooling water temperature. 
This is conceivable with very slow compression, large cooling surfaces, 
and a large supply of cooling water. During the succeeding expansion 
BA the heat given to the cooling water in the previous compression 
could again be supplied to the gas under the same conditions. The 
expansion line thus coincides with the compression line, and the work 
required for compression can be returned in expansion. The change of 
state is completely reversible. 

If, however, during the isothermal compression, the gas temperature 
is slightly higher than that of the cooling water (as always occurs in high 
speed machines), no appreciable change occurs in the indicator diagram 
and the heat carried away is about the same, but this heat takes up 
the temperature of the cooling water. In the succeeding expansion BA 
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this heat would have to be returned to the gas if the process is to be 
reversible in every respect. This, however, is impossible, since the gas 
temperature is now higher than that of the water. An isothermal expan- 
sion is, of course, possible, but only at a lower temperature T ^ than that 
of compression. Hence the process is not reversible, and the work 
regained below B'A', between the same volume limits, is less than the 
original compression work. When the gas and cooling water are con- 
sidered as a whole, nothing has been lost of the heat given up during 
compression, but this heat has suffered a drop in temperature, so that 
the available work is reduced. 

The generation of steam in boilers is an important example of irrever- 
sible state change. Even if all the heat generated in the furnace could 
be transmitted to the steam, there would still be a considerable reduction 

in available energy, due to the large 
temperature difference between the 
furnace and the steam (see page 195 
and Eig. 97). The evaporation is 
reversible as shown on page 358, but 
the temperature drop in the furnace 
is irreversible. There is no means, 
apart from a supply of fresh energy, 
of again increasing this temperature. 

Summing up, it can be stated that 
all actual state changes are either 
partially or completely irreversible, 
since they always occur with some 
disturbance of equilibrium and with 
some finite difference in temperature. 
Completely reversible state 
changes must be regarded as ideal changes from which all actual changes 
deviate more or less. 

Again, all irreversible state changes are always accompanied by a 
loss of available work. 

In the case of prime movers, the heat lost by radiation and conduction, 
as well as by friction at the moving parts, have to be added to those 
mentioned above. 

Consider, for example, the adiabatic reversible expansion of air in an 
air motor (Fig. 105). Let the motor (having no clearance volume) be 
supplied with compressed air from a large container I [DA), after which 
it expands adiabatically to the back pressure [AB), It is then removed 
at [BC] to a large container II, where air at the same state is stored. 
From this container air is now drawn into an air compressor cylinder 
[CB),^ compressed adiabatically to [AB), and re-delivered to the 
container I. If no heat losses occur by conduction or radiation, and 
there is no conversion of mechanical energy to heat by turbulence, 
friction, and impact, the motor would be capable of driving the air 
compressor without extra power. The air would perform a cycle in which 
its final state would be the same as the initial state. Such a process, 
however, is impossible, since there are always losses. Due to these losses, 
the weight of air which can be compressed is less than that required to 
operate the air motor. Complete reversibility is thus an ideal state 


Mo for 
Compressor 
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change not attainable, either in individual changes of state or in complete 
processes. 

Important examples of irreversible state changes and their relation 
to the second law* The most important irreversible state changes are 
as follows — 

1. Heat transfer from hot to cold bodies by conduction or radiation, 
unaccompanied by the performance of useful work by the heat. 

As shown by the second law, the heat Q could only be re-transferred 
by an expenditure of mechanical work given b}" 

Q r,-T, 

The process is thus irreversible, since this work is not supplied in the 
heat transfer. 

2. Expansion of gases, vapours, or liquids from a vessel, in which the 

pressure is another vessel, in which the pressure is p, without an 

accompanying delivery of external work. 

When a gas flows into an empty vessel, or into a vessel containing the 
same gas at the same temperature, no change occurs in the temperature. 
Hence, to return the gas to the original state, work equal to that given 

by isothermal compression p V log^ — is at least required, and this must 

come from the outside, since no work was delivered in the original flow. 

3. The normal case of gas mixing occurs vdthout a delivery of work, 
while the separating of a mixture of gases demands an expenditure of 
work. Hence the usual type of mixing (by diffusion and turbulence) is 
an irreversible process. 

4. The flow of gases, vapours, and liquids along pipes and through 
valves, diaphragms, and nozzles is irreversible, since the internal heat 
generated by friction and turbulence cannot be completely re-converted 
to the kinetic energy of flow. Throttling processes are also included in 
this group. 

o. The generation of heat from mechanical work by friction, impact, 
and turbulence. T - T 

Of the heat Q generated, only the fraction ~A ~~ — Q is capable of 

ii 

being regained as mechanical work. In this, T^ is the temperature of 
this heat and T^ is the temperature of the surroundings. Hence the 
process is irreversible. (See page 161 regarding the reversible generation 
of heat by means of mechanical work.) 

6. The usual types of combustion processes in which chemical energy 
is liberated as heat. The ideal available work from this heat depends on 
the temperature drop (see the ideal gas engine process, page 33S), and is, 
therefore, never complete and is never sufficiently large to effect the 
chemical separation of the products of combustion in the exhaust. 

The above six processes can all occur in nature by themselves, i.e. 
without the aid of external energy. In certain cases they may actually 
deliver work. All that is necessary to start them is some sort of releasing 
action, after which no work is required. Thus in 1 the process may be 
started by removing an insulated separator ; in 2, 3, and 4 by opening a 
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valve ; in 5 by releasing the stop of a weight, and in 6 by local heating 
(ignition). When these processes are reversed, however, mechanical energy 
is required, and in every case this energy is greater than the corresponding 
energy liberated in the original process. The reverse process, therefore, 
can never be completed by itself in nature. 

These processes serve to show that irreversibility is closely related to 
the second law of thermodynamics, since the criterion of reversibility 
depends, in all cases, on the completeness of the reconversion of heat to 
work. The statement that in nature a reversible change of state never 
occurs, is merety another expression of the second law, and, since these 
self-acting processes are irreversible, the second law indicates how such 
natural processes tend to become run down. 

The mathematical expression for this is contained in the next section. 
Entropy and energy changes accompanying irreversible state changes. 
It must be noted at the outset that, when a substance proceeds from a 
definite initial state ..4 to a definite final state B, the change in the entropy 
is the same whether the path followed is reversible or irreversible, since, 
as shovui on pages 124 and 187, entropy is a magnitude which depends 
only on the state. The entropy change in irreversible processes cannot, 
of course, be determined from the intermediate states, since these are 
generally indefinite and not in a condition of equilibrium. It is necessary 
to consider the final state, in which equilibrium has again been established. 
This then enables the difference in entropy between the equilibrium 
states .4 and B to be determined by choosing any convenient reversible 
path between A and B. 

Consider, for example, a quantity of air at the state and and 
let it flow from a vessel of volume Tq ft.^ into an empty vessel of 
volume Both vessels are heat insulated. The final temperature, 

pressure, and entropy, when the flow ceases and conditions have settled 
dowm, are found as follows — 

The internal energy remains unchanged, since neither work nor heat 
have been delivered by the air to the surroundings. Hence the tem- 
perature remains constant, so that 

F.) 


or 




Tq-f 


as in reversible isothermal expansion (although the state change occurs 
adiabatically). 

From the general entropy equation for gases (page 125), we have 

log. ^ + Cj log, ^ = (Cj, - Cj log, ^ 

Ti Tz 


= (c„ - r,.) loge 


+ Vz 


This quantity is always positive and has the same value as that given 
by an isothermal reversible expansion. In all cases of expansion of thi,^ 
type the entropy thus increases. 
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The deterroination of the entropy changes in cases 3 and 6 (page 203) 
is more involved, since a reversible path camiot be directly substituted. 

In any change of state, except the adiabatic, two substances are 
always involved, nameh", the working substance and the hot or cold 
body, which delivers or receives heat during the state change. Xow. 
since in all cases of heat reception or rejection, the substance involved 
suffers a change in entropy, the hot or cold body, along with the working 
substance, must suffer a change in entropy. As a rule, however, it is the 
changes in entropy of the working substance alone which are considered, 
and these are quite independent of the corresponding changes in the hot 
or cold body. A distinction has generally to be made, as shown on 
page 200, between processes which are irreversible, on account of a 
temperature gradient, and those which are irreversible, on account of a 
lack of equilibrium. 

Changes of state with a temperature gradient between the hot or 
cold source and the working substance. The entropy diagi-am can, as 
in the case of a corresponding reversible state change, be applied directly 
here to the change of state of the working substance, since the change 
in entropy of this working substance depends only on the heat supplied 
to, or given up by, it, and on its temperature, 



Hence, as before, the entropy diagram represents the quantity of 
heat by the area below the entropy curve, 

i.e. flQ = Td(j) 

The relation of this to the simultaneous changes in the entropy of 
the hot or cold source will be readily understood by considering the case 
of isothermal compression of a gas, with a temperature gradient, as dealt 
with on page 201 (Fig. 104). It w^as shown there that the entropy of the 

gas decreased, dming compression, by the amount At the same time 

the entropy of the cooling water, which received the heat Q at the iow'er 

temperature increased by the amount The gas and cooling water 

. ^ Q Q 

together thus experienced the entropy increase of •+ A<p = 77 , — If 

T Q = T, i.e. if there is no tempera tui-e gradient, = 0. The above 
holds also for isothermal expansion. Thus, if the hot source has a tem- 
perature > T, the entropy of the gas increases by the amount 

Q 

due to the heat supply, and that of the hot source decreases by 7^, 

1 c 

due to the heat removed. Hence the entropx' as a w^hole, for both bodies, 

, . Q Q ^ 

increases by the amount -f- is<p = y ^ * 

The same applies to any change of state with varying temperature, 
since the change can be regarded as made up of elementary alternate 
isothermals and adiabatics. 



206 


TECHNICAL THERMODYNAMICS 


Hence, we can now vstate, that in all state changes with a temperature 
gradient, the total entropy of the w^orking substance and the heat source 
increases. 

This is the simplest expression of the second law applied to state 
changes which are irreversible only on account of a temperature gradient. 

Irreversible state changes with disturbed eqtuilibrium. The law of the 
conservation of energy applies to both reversible and irreversible state 
changes. Hence the energy law can be witten, as on page 171, as 

Q = L^-I^A AE (210) 

where Q is the external heat supply, I^ and I.^ are the internal energies 
at the beginning and end of the process, and E is the work delivered 
internally. 

In appl 3 ung this equation, however, the following should be noted. 
So long as the internal equilibrium is disturbed (i.e. at any instantaneous 
point during the change of state), the mass of the gas or vapour is in 
irregular internal motion (turbulence). Hence, part of its internal energy- 
I, at this instant, consists of kinetic energy 7^, and the remainder of heat 
energ\" so that 

7 - 7, + 7, 

Equation (210), applied to this intermediate state, then becomes 

Q ~ 1 1 -Y It ~ Ii ..... ( 211 ) 

Now the portions 7^, and 7^ are not only indeterminate because of the 
irregular velocity and temperature distribution throughout the substance, 
but also because of the continuous conversion from kinetic energy to 
heat, due to internal and external friction, i.e. by exchanges between 
7^ and 7^. We can onl^" be certain of the values j), T, 7, and other magni- 
tudes of state like <f) and TT, in a particular state, after the internal kinetic 
energy is completely transformed to heat. 

Hence the value of 1 2 in equation (210) can refer only to the final 
equilibrium state, following the irreversible change. The same appUes 
to 7 in the equation for the intermediate state. 

Q = I~-I^ + AE ( 212 ) 

in which it has to be considered that, at the intermediate volume F, the 
process has been stopped for a sufficient length of time to enable equi- 
librium to be established. During this interruption the pressure and 
temperature rise to the equilibrium values _p' and T\ 

The work E in equations (210) and (212) is that actually transferred 
externally by^ the piston (or otherwise), hence 

E= )dv . (213) 

where p is the pressure acting on the piston. This, however, is not the 
same as the equilibrium pressure p' (at the volume F), corresponding to 
the energy value 7 in equation (212). Contrary to reversible changes of 
state, therefore, E is not the same as the work obtained when equilibrium 
is maintained throughout, in which case the work would be given by 
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= J lY dv. Hence equation (212) must not be \^Titten as 
= J - 4- J J pdv 

because then it would appear that the values of in the integral and in 
the expression for I were identical. Thus, for gases, 

I-Ii= 

but it is wrong to state that 

*3 = ^ Jp di' 

To correct this, we must vTite, 

^ P 

It is thus preferable to leave the equation in the form shown by 
equations (210) and (212) and to insert the work E corresponding to 
particular cases. 

For the same heat supply the value in a reversible process, is 
found as follows. For this process, the heat supplied is 

Q = r,-l, + AEo (214) 

where is the final value of the internal energy and Eq is the work 
done. As shown on page 201, Eq is always greater than the work E in 
the irreversible process. (For this reason the work done in a reversible 
process is also called the maximum work. See Schule's Tech. Ther., II, 
Sect. 27.) 

By combining equations (210) and (214), we have 

-E) (215) 

and, since Eq is greater than E, we also have 

h> r, ( 216 ) 


The internal energy in the final state is, therefore, gi*eater after the 
irreversible process than after the reversible process. 

As in the case of internal energy, the entropy <f> can only be deter- 
mined under equilibrium conditions, either at any intermediate point or 
finallj". Its value can be found by changing reversibly, at constant 
volume, from the final state of the reversible process, to the final equi- 
librium state of the irreversible process. If Q' is the heat added in this 
change, the second law gives 

Tdcf>' = dQ' = dl A- A :pdv 
but, since, v — constant ox dv = 0 


and hence 


Td<l>' = dQ' = dl 
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This value is always positive, as shown by equation (216), when d<j) 
is positive. Hence the entropy increases. 

We can now state that in any irreversible change of state the entropy 
increase is greater than that given by a reversible change of state witli 
the same heat supply Q. If the heat Q be rejected the decrease in entropy 
is less in the irreversible than in the reversible change. 

This is the simplest expression ‘ of the second law applicable to 
irreversible changes of state. 

The expression shows immediately that the relationship 

dQ = Td4 (217) 

does not apply to state changes, which are rendered irreversible by a 
disturbance of equilibrium. For this case 

dQ =: <Td<f> (218) 

since d(f> is now greater than in the reversible state change, having the 
same heat supply dQ, for which equation (217) is valid. 

The actual difference between the two entropy values is, 

sxnce dcp = — 



(219) 


in which the volume has to be kept constant and equal to the final volume. 

If now is the entropy value at the end of the reversible process, 
and (f>i is the initial value, the final value for the irreversible process is 


so that the change in entropy is 

i>' -r A(/)' (220) 

In adiabatic changes, (f)' = hence 


Hence, while in reversible processes without a supply or rejection of 
heat, the entropy remains constant, in irreversible processes it increases. 
(For further discussion, see Schiile’s Tech, Ther., Ed. II, Sect. 10.) 

A clear conception, especially applicable to irreversible flow, is afforded 
by considering that in changes of state with disturbed equilibrium of 
the working substance, heat is developed by the destruction of kinetic 
energy (turbulence, impact, or friction). In the general case of state 
change, an internal development of heat dQ^ (frictional heat) has then to 
be added to the heat dQ supplied or rejected. The change in entropy is 

not now given by , but must be 

since the heat absorbed is dQ -j- dQ^. 
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In the jjarticular case of abiabatic flow, the change of entropy is 


since dQ = 0. As is always positive, it follows that d(j> must also be 
positive. That is, in all irreversible adiabatic processes, either of com- 
pression or expansion, the entropy can only increase, not decrease. When 
adiabatic expansion occurs with friction, a curve, such as AB in Fig. 106, 
represents the state change and not AJ5'. In the same way, irreversible 
adiabatic compression is represented by a 
curve such as CD and not b}^ OD', Com- 
pession along CD" and expansion along 
AB" means a heat removal in all cases. 

If these processes are also accompanied by 
friction they become irreversible. 

A process, such as AB, can also be 
accompanied by heat supply or rejection, 
and still remain irreversible. 

The same applies to such irreversible 
adiabatic processes as throttling or empt\dng 
and filling of vessels, where the final state 
alone, and not the intermediate state, has 
to be considered. 

If now the actual irreversible state 
change, under equilibrium conditions, is 
represented by a curve such as AB (Fig. 

155) on the pV field, the con*esponding 
curve on the entropy field A-fi^ (Fig. 156) 
general entropy equation, since entropy is a state function. 

As opposed to a reversible state change, however, the area below 
A^B^ does not give the heat supplied or rejected, but represents — 

(а) the heat Q,^ developed internally by friction in an adiabatic 
change of state ; or 

(б) the algebraic sum of the heat 4: Q supplied or rejected exter- 
nally and the frictional heat developed internally in any change 
of state. 

Hence the area A-^B-iE-^F-^ (Fig. 156), or the area below AB (Fig. 106) 
E 

is equal to Q or + wbere E,^ is the frictional work in 

mechanical units. 

Thus, if Q is known by measurement, E^ can be found from the 
diagram. On the other hand, and as opposed to reversible changes, the 
heat Q, supplied or rejected externally, cannot be found from the entropy 
diagram when is not known. 

See pages 307 to 316 for the application to steam turbines and 
injectors. 

The second law, when applied to an irreversible change of state with 
internal friction, does not give the change of entropy as 



is located by means of the 


O— (5714) 
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In this case we must wTite 


d4> 


dQ + dQ^ 
T 


or, in general, dQ < T d<j> as already given above. 

In appl}ing the entropy diagram to processes in a reciprocating 
engine, it is" of basic importance to notice that the diagram only gives the 
heat supplied or rejected correctly if no disturbance of equilibrium, 
causing a generation of heat, occurs in the working substance during the 
change in state considered. The heat {AE) corresponding to this dis- 
turbance is included in the entropy diagram and cannot be separated 
from the other heats. 

Change in state caused by throttling. If the cross sectional area, at 
one point in a pipe of uniform or varying diameter, is considerably 
reduced, it is known that, when gases or vapours flow along the pipe, the 



pressure beyond the reduced section is less than that before it. The 
pressure reduction carried out in this way is known as ‘"throttling.” 
The amount of throttling depends on several factors, including the 
nature and state of the substance flowing, the relative reduction in the 
cross-sectional area, the velocity of flow, and the density of the substance 
flowing. Valves and cocks fitted in the pipe line cause throttling, par- 
ticularly when only partially opened. The throttle or butterfly valve 
is used in this way to control the supply of steam to engines and turbines. 
Throttling is also used in pressure control systems and to measure the 
weight of steam or gas flowing in pipes. 

In this section only the change in temperature ■ and specific volume 
caused by throttling between given pressure limits will be considered, 
and not the probable pressure reduction due to given conditions of 
throttling. 

The problem is simplified by imagining two pistons to be fitted in the 
pipe line, one before the narrowing and one after, as shown in Fig. 107. 
The change of state of the gas then occurs in the space between these 
two pistons. A driving pressure A-^-^ is exerted by the left-hand piston 
on the gas, while the gas itself exerts the total pressure A 2 P 2 on the right- 
hand piston. If the velocity of the L.H. piston is 7^ ft./sec., the work done 
by it, on the gas per second, is where is the volume 

flowing per second. In addition to this pressure work, the volume 
(having the weight W, say) carries with it the internal energy WI, and 


the kinetic energy 


WVA 


Hence the total energy in the form of mech- 
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aiiical work, sensible and latent heat, and kinetic energy before throttling 

IFfy’ 


IS 


»r' ’ 

Ih » 1 -1 




(ft. lb.) 


The work done after throttling on the right-hand piston is 

ir/ 

= p^V' 2 - This work, along with the internal energy -j- and the kinetic 
energy “ , is carried away by the gas, or the total energy carried 
away is 

^ ‘ A + 2g 

Since, during throttling, energy is neither supplied nor rejected 
externally, either as heat or mechanical work, these expressions are equal, 


i.e. 


T., ^ WI, . IF I? __ 

Pi I 1 -f --- -j — P2^ 2 


IF/o 


inv 


IF Y' 1 Y\, 

Dividing by ~ and noting that / = — and - 

-•i n pi ’ 


1 


IF Pi II p. 
and p 2 are the densities before and after throttling, we have 


. where 


Pi 


h "f 


Api , AVi^ 


Pi 






AP2 A 
P2 ' ^9 


(221) 


The quantities and I., + — represent the total heats 

Pi ^ P2 

and Hoi which depend only on the initial and final states. (See pages 175 
and 455.) 

This now gives 


H, + A 


'2g 




or 


f 4lf 

^ -29 

Vi Vi 


(2^^) 

or the reduction in total heat is equal to the increase in kinetic energ}’. 
In an elementary state change, therefore, 

dH = - Ad h" 

2g 

In many cases the change in kinetic energy is negligible, 
so that Hi = Ho 

or H ~ constant 


. (223) 


This applies particularly to the case of throttling in a pipe of uniform 
diameter. Throttling is, then, an irreversible change of state with con- 
stant total heat. This applies not only to gases, but also to wet, dry, and 
superheated vapours. 
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The pressure reduction in throttling is caused in the following way. 
In passing through the orifice the velocit}^ of the gas must increase above 
the approach velocity, and the increase depends on the amount of the 
reduction in area. This is only possible if the pressure px at the orifice 
is less than pi (Fig. 107). If now the efflux velocity from the orifice is to 
be completely reconverted to pressure, then, according to the law of the 
conservation of energy, the pressure px would increase to jpg — Ti- 
convergent or parallel nozzles, however, this never occurs. The excess 
kinetic energy is, to a large extent, destroyed by turbulence and impact, 
and the heat thus generated is not sufficient to raise the pressure from 
Px to Pi. Hence, after the gas has assumed a uniform velocity of flow Fg, 
its pressure 2h smaller than pi. See page 265 for a similar process. 

Application to gases. The total heat of gases, under conditions for 
which the characteristic equation pv = RT applies, depends only on the 
temperature and not on the pressure. Equal total heats at diflerent 
pressures correspond therefore to equal temperatures. Hence, in throt- 
tling, the temperature of gases remains constant, and for the states 
before and after throttling 'we have 


This applies only when is measured at some distance from the 
orifice, where conditions have become steady, v.j is then almost equal 
to Vi. At the orifice itself the temperature will be considerably reduced 
owing to the adiabatic expansion from pi to p^, but the reconversion of 
the kinetic energy is sufficient, however, to return the gas to its original 
temperature. 

Since the weight of gas flowing through every section of the pipe is 
the same, we have 


or 


AiVi ^ A,F, 

F, = Fi 4 ^ - 

^ Ao%\ 


Also, since 


^ 

% Tz 



(224) 


(225) 


Hence, in a pipe of uniform diameter (i.e. with = Ag) the velocity 
after throttling is inversely proportional to the pressure after throttling. 

Thus, if the pressure is halved 




the velocity is doubled. 


These relations are only approximately correct, however, even for 
permanent gases, since Hi is not actually equal to H.^, 


but 


Hi-H^^A 


Vi 


.R\ 
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Now Hi - = c^{ti - and 

so that this equation becomes 


^2 = 


-^2 Pi 


(equation (225)) 



and, for a uniform pipe, 





. (226) 


Now, since p 2 than ^2 greater than i\, and hence the 

bracketed quantity is positive, so that is less than The amount of 
the temperature drop, for a given pressure drop, is easily determined 

when the value is substituted for — in equation (226). 


The follovnng approximate equation is obtained by taking ^ ^ 

^ 1 


ti~ (2 — 



( 2 , 


22 : 


With 


Pi 


2 , for example, we have, for air, 


koO X 0-2375 X 2 X 32-3 ’ ^ 


Vi- = ^ 




070 


If T\ = 65 ft. sec., 
q - q = 0-596 

and is, therefore, relatively small. 

With ^ z= 3 and the same velocitv, 
Pi 

q - q = 1-59 ®C 


If the ratio ~ in equation (226) is replaced by 


the exact 


equation 


Pt^ 

PiT-i_ 




is obtained. 

This is a quadratic equation in Tg or q, but it can be simplified by 


.ji.. T 2 1 1 ^2 

writing 1 1 ^ 

and assuming 

__ _ 2 (q-q) 

Vi) Ti 
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This gives ^ 

^ ZTV • ( 228 ) 

which is a linear equation in or Equation (227) differs from this 
equation only in the denominator. This is always greater than 1, hence 
as given by equation (228), is somewhat smaller than that given 
by (227). The difference is small for moderate velocities. 

Temperature increases occur when a gas discharges from a pipe into 
a large vessel, because the whole of the efflux energy is converted to heat. 
With 1^2 = have 


which makes ifg > h* i^wst, ho^vever, be large if if 2 - h is to be appre- 
ciable. If, for example, \\ = 650 ft. /sec., we have, for air, 

^2 - = 19*9° C. 



CHAPTER IV 

FLOW OF GASES 


General relations of state in liquid and gaseous flow. The internal state 
of any flowing substance is defined by the pressure, volume, or specific 
weight and temperature in the same way as for a stationary substance. 
The relations between these three magnitudes are independent of the 
velocity. 


The simplest example is that of parallel flow. Here all particles move 
parallel to the pipe axis and have equal speeds (Fig. lOS, I). The pipe 


itself is straight and of uniform 
diameter. Flow of this type, in 
which the speed remains uniform, 
is said to be stationary. 



Fig. 108 



In actual cases the speeds of the particles at different points in a 
cross section are not equal due to the influence of the v’alls. The velocity 
near the walls is always less than that at the centre, while just at the 
wall itself the speed is zero, because a thin film of liquid clings to the 
wall. The speed variation, therefore, is similar to that shown in Fig. 108 at 
II. The volume flowing per second in case I is V = AC, while in case II 
it is the sum of the quantities C X dA taken over the whole area. Thus, 
if it is required to measure the quantity of air flowing through large pipes 
or channels by means of the speed of flow, it is necessary to measure these 
speeds at several points in the cross-sectional area. 

The velocity (7^^^ which gives the same volume flovdng as the actual 
velocities, is called the mean velocity. This gives 

Fig. 109 shows the distribution of velocity across a pipe diameter, 
as determined by very careful measurements made by Jakob in a mild 
steel pipe of 15|in. diameter (400 mm.). 

It has been found that parallel flow in pipes and channels, in the sense 
that all particles move in straight and parallel paths, occurs only at low 
speeds or in narrow pipes. In the case of the usual speeds and diameters, 
the flow is turbulent. In many practical cases the flow just at entrance to 
the pipe is turbulent, and along the pipe itself disturbances are caused by 
valves, bends, branches, and roughness of the wall surface. The nature 
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of this continuous turbulent flow is illustrated by the smoke issuing from 
a chimney. 

In the case of turbulent flow, the mean velocity is again found by 
dividing the volume V\ flowing per second, by the cross sectional area 
A of the pipe, i.e. 

_ F _ _ jf 

~ .4 p.4 

w^here v is the specific volume and p is the density at the section A. 

If the flow" occurs in a pipe of variable section, the mean speed changes 
with these variations. Under steady conditions, the weight flowing per 
second at every section is the same. 

Hence = A^c.^p^ = A^c^p^, (Equation of continuity) . (229) 

If p is constant, as for liquids, 



The mean speeds are then inversely proportional to the cross-sectional 
areas. This applies also to gases and vapours with considerable accuracy, 
when the pressure changes are small. 

The paths (or stream lines) of the individual particles in a case like 
that shown in Fig. 110 are not straight. Hence the velocity directions 
are different at different points in a cross section, but this is only of 
importance in very rapid changes of the cross section. 

Pressure changes as dependent on speeds. The absolute pressure of a 
flowing fluid is that pressure which is measured by an absolute pressure 
gauge at a point in the stream. An example of this is afforded by a 
barometer carried in a balloon which is driven by an air stream. 

The gauge pressure or vacuum in a stream, as in the case of a 
fluid at rest, is the difference between the absolute pressure of the liquid 
and the barometric pressure. The absolute pressure, thus measured, is 
called the “ static pressure ” of the fluid, and it is this pressure which 
has to be used in the characteristic equation of the flowing substance. 

In channels and pipes this pressure is the same as that exerted by 
the gases on the walls. The static pressure can therefore be determined 
by boring a hole in the pipe wall and connecting a pipe from this point 
to a manometer. 

Exact measurements have shown, however, that this method gives 
slightly inaccurate results, due to a disturbance at the sharp inside edge 
of the manometer pipe, but, if this is slightly rounded, the errors are 
reduced. 

The static pressure at every section in a pipe of varying cross section 
(Fig. 110) is different. The particles increase in velocity between the 
sections A^ and A 2 , and the work necessary for this is supplied by the 
static pressure, which consequently decreases. 

An element, of mass m, bordered by two inimitably close cross sections 
exerts a total pressure of ap on the first section and a pressure of a(p + dp) 
on the second (dowmstream) section, so that the driving pressure acting 
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in the direction of flow is - a dp. If dV is the increase in velocity between 
the two sections, the acceleration is and hence m ^ is the accelerating 



pressure. This gives 


and, since 


•a dj) = 772 


dV 


m 


dt 

a pds 
9 

- pds 


gdi 


ds 

Tt 


r 


(230) 


A decrease in speed, therefore, corresponds to an increase in pressure, 
so that in flowing through a reduced area the pressure generally decreases, 
since, at least for liquids, the reduced area corresponds to an increase in 
velocity. In the case of vapours and gases, however, the reverse may 
occur, due to the dependence of the specific volume on the pressure. 
Thus, in the nozzles of a steam turbine, an increased area may correspond 
to a reduced pressure. This, how^ever, occurs only when the speed of 
the jet exceeds the acoustic velocity", which 
ranges from 1000 to 1300 ft. /sec, 

Ec^uation (230) can be expressed in another 
form. Thus, with 

YdV = ^~1. 


and p = - 

^ V 

the equation becomes 



(231) Fig. Ill 


... 

Now “ is the kinetic energy per pound of the fluid, so that 


'^9 


is the increase in kinetic energy corresponding to the useful -work - v dp 
performed by 1 lb. of the gas, due to its pressure reduction. The equation 
could, of course, be established directly owing to the equaEty of these 
two quantities. On the pv field, vdp is represented by the shaded area 
in Fig. 111. The curve on the right of this area applies to elastic fluids 
but becomes a perpendicular for liquids. 

In order to apply this relationship, which is valid for an elementary 
change in pressure and velocity, to a fimite change between given limits, 
we have to consider the change as made up of a succession of such 
elementary changes. By summing (integrating) these we have 




(232) 
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where the expression on the left represents the complete shaded area on 
the pv field and gives the useful work between and pg. 

Flow with small pressure changes. If, in any type of flow, the pressure 
changes are small, so that the volume changes are also small, the work 
area is approximately a rectangle (Fig. 112) having the same value as 
for liquids, namely, 

It is of importance to decide how great the pressure drop may be, in 
order that the error may not be appreciable in applying this to gases 
and vapours. 

The pv curve BC, shovm in Fig. 112, is an adiabatic, since it is assumed 
that no heat flow occurs. The law of expansion is, therefore, p'V^ = (7, 
with y ranging from IT to T4. In small changes the curve and the 
tangent coincide approximately, and the tangent is easily drawn as 



explained on page 107. The error due to taking the area ABC'D in place 
of ABCD is given by the triangle BCC\ The ratio of the area of this 

CC' Nv 

triangle to the area of the rectangle ABC I) is given by — 9 " 

since both these areas have the same height. 

As shown on page 107, however, 


Ap 

Ar 



so that, leaving out the negative sign, the proportional error is 


Av __ Ap 
2v 2 yp 


j\fp 

The greatest error occurs ndth y = 1 and is then If, for example, 

this error is not to exceed per cent, the pressure drop Ap must not 
exceed 1 per cent of the pressiire. Thus, if p = 1 atm. = 14-7 Ib./in.^ abs. 
the change in pressure must not be more than 0T47 Ib./in.^ 

On the assumption made above, equation (232) becomes 






since the work diagram is now a rectangle, having the area 
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Replacing v by - gives 
P 


(233) 


The reduction in pressure energy is thus equal to the gain in kinetic 
energy. 

By vTiting the equation in the form 
-p^-2g-~p + Tg 

it is seen that the sum of the pressure and kinetic energies is constant 
for flow of this t}q)e, i.e. 

F2 

= constant 

= constant (234) 

Since a pressure difference is involved in the equation 

ih-P. TV TV 


and may be expressed either as gauge or absolute pressures, but 
they should be given in lb. /ft.- This means that where the pressures are 
in lb., in.-, as is usual, the quantity on the left has to be multiplied by 
144. The fundamental equation, in place of (234). is then 

= constant (235) 

-a 


I 

p 

or j) 


The value ~ (236) 

is called the “ dynamic pressure '' of the flowing fluid, and the sum of 
the static {hj and dynamic {h^) pressures is called the total pressure, i.e. 

A, + = if (237) 


If, at some point in the cross-sectional area the velocity V is reduced 
to zero by means of an obstruction, the static pressure at this point 



Before the obstruction, we have 


and at the obstruction, 

^/ + 0 = if 
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so that the static pressure, at the obstruction, is 

A suitably fitted manometer, with the opening facing the stream 
(Kg. 113), shows in this way the total pressure, pro\dded the mouth is 
so shaped that it forms an obstruction which satisfies the condition 
mentioned above. Instruments of this type are known as Pitot tubes. 
These have been tested in various ways and show that the total pressure 

^ is given very accurately, even when a 
^ simple smooth tube is merely inserted 
in the stream. 

Measurement of air velocities with 
a Pitot tube. If, at a particular section 
of a pipe, the static pressure be 
measured, along vdth the total pressure 
H, as given by the Pitot tube, the air 
velocity is found from the equation 


o 

c: 

C3 




to 

"II 

_o 

•C 

.<0' 




H~h, 


as 


V = jMLdh) ft./sec. 

The Pitot tube can be arranged to 
give both H and the static pressure 
(Fig, 113). For this purpose, holes are 
bored in the outer tube behind the 
conical portion. The value H-h^ then 
enables the air velocity to be calculated. 

Temperature changes accompanying 
velocity changes. Where the static pressure suffers a change, due to a 
change in velocity, it follows, from the properties of the gas, that the 
temperature also changes. On the assumption that no heat flow occurs 
during these changes, we have, for a small state change (page 107), 

xiv A. 


Fig. 113 


SO that 


Ap 


M 


P^T> 


1 


1400p Cj, 


Ap 


Example L Air at a static pressure of ITS in. of water and at a 
temperature of 15° C. is moving at a speed of 33 ft./sec. in a pipe 6 in. 
^ameter. If the pipe is gradually reduced to 4 in. diameter, find, neglect- 
ing friction, the velocity, pressure, and temperature at the reduced section. 
The velocity is 


V, 


33 


74'3 ft./sec. ; 1 in. water 


62-5 

1728 


0-036 Ib./in.' 
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and the static pressure at the reduced sectiuu is given by 

144 X 0-036 X MS + ? X P = + A— p 

2 g ^ 2(7 ^ 

h, = 144 X 0-036 X 1-18 - { 74 - 3 '^ - 33 ^^) 

2 g 

Taking p = 0-07 SO Ib./ft.^ 

h, = 6-12 5*36 = 0*76 Ib./ft ^ =. 0-147" H.p 
The temperature drop is 

1400 X 0-0780 X 0-237 ^ ' 

Example 2. A Pitot tube, fitted in an air pipe, shows a total gauge 
pressure of 3-937" H 2 O, while the static gauge pressure is 0*787" H^O. 
Find the air velocity. 

The dynamic pressure is (3*937 - 0*787) 0-036 X 144 = 16-33 Ib./ft.-, 


hence 


/ 2 X 32*2 X 16-33 _ 3^ 

V P ™ v> 


If the air in the pipe is at atmospheric pressure vdth p = 0-U78 lb. ft,^, 


then 


32-4 

A'()-078 


116 ft. sec. 


If, however, the pressure is very low and equals, say, ; , of an atmo- 
sphere, i.e. T47 Ib./in.- abs., then p = 0-0078 lb. ft. ^ and, for the same 
Pitot tube readings, 

V = 367 ft. /sec. 

If the pipe is used for towui gas, for which p = 0-0312 ib. ft.^, 
then F= 184 ft. /sec. 


Example 3. A ventilating fan supplies ad to a pressure pipe at a 
speed of 115 ft. /sec. By how much can the static pressure of the air be 
raised if, by gradually enlarging the pipe, the speed is reduced to 40 
ft. /sec. ? 

Prom equation (235), 


^sl + 


1152 

^9 


402 


P = ^si + ^ p 


we have 


I (115- -40^) 

= 2 -^^ (115^-40^) = 14-1 lb./ft.3 


= 2 - 72 " HjO 

This result is based on the assumption of non-turbulent flow. Actually 
the pressure increase will be about 70 per cent of this. 
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Flow accompanied by relatively large pressure and velocity changes. 

The general relation between changes in pressure and velocity in friction- 
less and non-turbulent flow is expressed by equations (231) or (232), 
i.e. by 

-dp = ^VdV 

g 

V- 

or - V dp ~ d — 


The change in pressure, volume, and temperature is assumed here to 
follow the adiabatic law. Hence, if Fig. Ill represents the adiabatic 
pressure- volume curve, for any gas or vapour, the elementary change in 
kinetic energy is equal to the shaded strip. 

If the pressure drops between any two sections of the pipe from 
Pq to p, integration of the above equation gives 
rp y2 p 2 

( 239 ) 


Case I. Expansion flow. (Conversion from pressure to velocity.) The 

total change in kinetic energy is equal to the whole shaded area in Fig. 
Ill, and this area represents the available work in the adiabatic expansion 
of a gas or vapour, i.e. 


F = r_ Tjl 

2y 2g 


. (240) 


If = 0, i.e. if expansion commences from rest, the velocity pro- 
duced by a drop in pressure to p, is given by 

^ (2«) 


Equating equations (240) and (241) gives 



or 



(242) 


where and T^q ^cibI and initial velocities respectively. The 

velocity can be described as a “ velocity drop.’’ The square of the 
final velocity is thus equal to the sum of the squares of the velocity drop 
and the initial velocity. 

In steam turbine calculations, the “ heat drop ” is used instead of the 
“ work drop,” i.e. the available mechanical work is expressed in heat 
units instead of mechanical units. If both sides of equation (242) are 

multiplied by the factor A = we have 
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.4 




is the heat drop, equivalent to the work di’op Ej 


, while ^4 Ir- and .4^^^ 
2fg 2g 


are the kinetic energies in thermal units per lb. at the beginning and end 
of the length of pipe considered. 

When quantities of work are measured in heat units the symbol h is 
frequently used, so that the neater expression 


h — A- • 

is obtained. 

In addition to this relationship, the equation of 
applies, pro^dded the pipe is completely filled, giving 

^4nFn AV 


. (244) 

continuity also 


(245) 


and the final cross-sectional area is 


A A 


V,v 
F rn 


(24G) 



The following important deductions are estabhshed by means of the 
relations. With decreasing pressures in the direction of flow, F always 

F 

increases, as shown by the energy equation, so that is always less than 
unity. At the same time the volume increases, as requii’ed by the 
state curve, i.e. — is greater than unity. Hence, when the pressure 
decreases, the cross-sectional area can either decrease or increase, depend- 

Fft V 

ing on 'whether ~ — is less or greater than unity. In the case of fluids, 
V Vq 

V 

however, since — = 1, A is always less than with decreasing pressure, 

Vq 

i.e. the cross-sectional area decreases in the direction of flow. 

When the initial pressure changes are small, gases and vapours behave 
approximately like liquids. The volume first increases slowly compared 
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with the increase in velocity. Later, however, the changes in volume 
are large compared with the changes in velocity. Hence, when the 
pressure drop is considerable, the areas first decrease and then increase, 
giving a minimum section, called the “■ throat ” section. 

These conditions are shown in Fig. 114, which has been drawn to 
scale for air at an initial state of 147 Ib./in.^ abs., and 100° C. (point J.). 
AB is the adiabatic pv curve. An initial velocity of Vq = 460 ft. /sec., 
giving a kinetic energy of 3,300 ft. lb. /lb, (DC), has been chosen. The 
energy drops, corresponding to the curve AB, have been plotted, as 
abscissae, against the pressures as ordinates, and give the curve CC^. 
The line CG represents the initial area Aq, and subsequent areas are 
given by the curve marked “Cross sectional area AN 

From equation (246), w^e have 


The diagram shows how the areas first decrease (with decreasing 
pressure) until a minimum area a is reached. Thereafter the areas 
increase. The chcular pipe shown alongside also depicts these area 
changes. The area becomes a minimum when the pressure is about 
0'57pQ. In the case of liquids the areas would continuously decrease, 
with decreasing pressures, whereas wdth elastic fluids they commence to 
increase after a certain “ critical ” pressure is passed. 

Case 2, Compression flow. (Conversion from velocity to pressure.) 
The fundamental equation (231) 


- V dp 


= d 


Z! 


applies in this case also. If the pressure is to increase (dp “f-), d 


F2 

29 


must be negative, i.e. the kinetic energy, and with it the velocity, must 
decrease. 

If the pressure rises from Pq to p, while retardation in the flow occurs, 
then 



Z! 

2? 


Zo- 

2? 


or 




II 

^9 


The integral is represented by the area in Fig. 115, so that 





(247) 


If the final velocity is zero, i.e. Vq — 0, the whole of the kinetic energy 
due to the initial velocity has been transformed to the work and the 
value of this initial velocity is given by 


• ( 248 ) 
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We have, therefore, 


y x~ _ 

■2g '2g 2g 

or in heat units, as in case I, 

- h . 


( 249 ) 


(250) 


where is the origmal kinetic energy in heat units, h the kinetic energy 
left finally, and the work of compression due to the conversion of 
kinetic energy. 

The final pressure p, due to compression, is obtained by calculation 
or graphically from the compression work or The anahdical 
expression for the work done E is employed in the calculative method. 



Starting with the adiabatic equation 
= constant 

we have, for gases and vapours (pages 108 and 328), 


from which 

where ^ 

is determined from the given initial and final velocities. 
Equation (251) now becomes 

Po 


(251) 


( 252 ) 


1 6— (5714) 
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Example 4. Air at 14-2 ib./in.- abs. aud O'" C. flowing at a speed of 
2500 ft. /sec. is to be compressed by reducing the speed to 850 ft. /sec. 
Find the rise in pressure and temperature. Take p ^ 0-078 Ib./ft.^, i.e. 
i’o = 12-82 ft.^/lb. 

From equation (252) 

0-4 (25002 - 8502) ^ 

\ ’ 1-4 X 2 X 32-2 X 14-2 x 144 x 12-82 

= 1 - 9343-5 == 10-03 


and 
so that 


T 

■i ft 


0-4 


(10-03)Fi = 1-934 


T = 1-934 X 273 = 528° C. abs. or 265° C. 
Alternatively, the adiabatic compression work is 

1 /TV 


ft. lb. or 


1400 I 2g 


■ig 


and is equal to 1400 Cp t, where t is the rise in temperature (see page 327). 
This gives hx = c^t ov t = ^ and 


:p_ ^ 

Po 

In this example, 
K = 


1 / 25002 -8502 


1400 I 2 X 32-2 
61-3 


= 61-3C.H.U. 


t = = 255° C. as above. 

Variation in cross-sectional areas. As in Case I, the equation of 
continuity gives 

A - 4 

~ V V, 

Hence, to find if A is greater or less than Aq, we have to find if 

F V 

^ — is greater or less than unity. 

With a continuous increase in pressure, in the direction of flow, the 

V 

velocity decreases, or is greater than unity. On the other hand, the 

^ V 

volume decreases with increasing pressure, or — is less than unity. 

% 

Fig. 115 has been dxavTi to show these relationships for air at 
14*2 lb./m.2 abs. and 0® C., having a velocity of Fq = 2500 ft./sec., which 
corresponds to a kinetic energy of 97,000 ft. Ib./lb. 
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Retardation occurs continuously throughout the tiow, so that the 
pressure increases and the volume decreases, as shown by the adiabatic 
AB. The corresponding compression works have been plotted as 
abscissae against compression pressures as ordinates. Thus, the line DG 
represents the compression work between pQ and p, and is equal to the 


shaded area. 


If 


the initial kinetic energy is 



the distance 





is the kinetic energy still existing at the pressure p. The cross-sectional 
areas A are also plotted against the pressures as ordinates. It viill be 
seen that, with increasing pressures, the areas first decrease until a 
minimum value a is reached, and then increase. At a compression pressure 
of 142 lb. /in.- abs. (i.e. 10 times the original pressure) the area is about 
0*57 Aq. The final kinetic energy is 11,200 ft. lb. lb., w'hicli gives the final 
velocity as 850 ft. /sec. 

The variation in the cross-sectional areas is thus similar to the ease of 
accelerated flow, although the process itself is reversed. It follows, there- 
fore, that the two processes can be carried out in the same pipe. 

From this example it would appear that the cro.ss- sectional areas 
must first decrease in the direction of flow when gaseous substances are 
to be compressed, and this is opposite to what occurs in the compression 
of liquids. This, however, only happens to be the case owing to the 
special conditi(jns of the example, as vfill be apparent from the following. 

General conditions governing the changes in the cross-sectional area 
for accelerated and retarded adiabatic flow. The equation of continuity 
demands, in general, that 
A Vp = --iirjpi 

Considering two clo.sely adjacent sections, we have 

3= r A (U\ A^ = A -r dA, and ~ p — dp 
so that A Vp = (A + dA) ([" 4- dV) (p 4 - dp) 


Multiplying out and neglecting infinitesimals of the second order. 


or 


dA jIp 

“A ■ r p 


(253) 


For adiabatic changes, equation (126), page 107, applies, 


i.e. 

or with 


dv 

V = — and dv = ~ 
P 

dp ^ c i-c 
P 

dp _ I dp 
p y p 


or 
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Further, from the energy equation, 


~ vdp = 


VdV 

9 


(see equation (230) ) 


so that 


dV __ gvdp 

T“ “ 


Inserting these values in equation (253) gives 


or 


dA 

gvdp 

r— 1 1 

A 

- p 

y p 

dA 

/ gv 

-)c 

A 

[y2 

yp) 


dp 


(254) 


Accelerated flow. In this case, dp is always negative, i.e. the pressure 

decreases. Hence, to find whether -j- is negative or positive, i.e. whether 

the areas decrease or increase in the direction of flow, we have to find 
whether the bracketed quantity in equation (254) is positive or negative. 

^ is negative when 

n 2- 

yp 

or F“ < gypv 

i.e. when V < 's/'gypv 

If F is greater than \/ gy 2 ^v the areas increase in accelerated flow. 

Now 's/gypv is the acoustic velocity of the gas or vapour, when its 
state is the same as that at the considered section A . Hence, in accelerated 
flow, a pipe must converge when the velocity of flow is less than the 
corresponding acoustic velocity and diverge when the velocity exceeds 
the acoustic velocity.* 

Also any flow in which the initial velocity is below the acoustic, and 
in which the velocity continuously increases until it exceeds the acoustic 
velocity, always requires a converging portion of pipe, followed by a 
diverging portion. 

An accelerated flow, in which the velocity is less than the acoustic at 
every section, must take place in a convergent pipe, while an accelerated 
flow, in which the velocity exceeds the acoustic, requires a divergent 
pipe. 

* Since, for gases, pv — BT, the acoustic velocity is = V gyRT and thus 
decreases with the temperature or (under adiabatic conditions) with the pressure. 
For saturated steam V pv is sensibly constant, so that is less dependent on the 
pressure. Superheated steam behaves similarly to a gas. See page 245 for values 
of F,. 
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Retarded flow* In this case dp is always positive. Hence, if dA is 
to be positive, i.e. if the pipe is to increase in area, then 

gv J_ 

yp 

or F < \/gypv 

On the other hand, if the pipe decreases in area, if ^4 is negative, so 
that 

T- yp 

and V > Vgypv 

Compressive flow, therefore, which commences with a velocity less 
than the acoustic, must take place in a divergent pipe, as is the case 
with liquids. 

When a compressive flow commences vith a velocity above, and 
finishes with a velocity below, the acoustic velocity (as in Fig. 115), the 
pipe must first converge and then diverge. A compressive flow, in which 
the velocities everywhere are above the acoustic, can only occur in a 
convergent pipe. 

Instead of starting vith a given type of flow, the shape of the pipes 
maj" be given, in which case the pressure changes are found as follows — 
Equation (254) gives 

dp = ^ (255) 

A f gv A[gypv-]-) 

y- 


In a converging pipe (cL4 negative), the pressure decreases and the 
velocity increases when the denominator is positive, i.e. when the speed 
of flow is below the acoustic velocity. In the same portion of pipe, 
however, the pressure increases when the denominator is negative, i.e. 
when the velocity of flow is above the acoustic. 

In a divergent pipe [dA +) the pressure decreases and the velocity 
increases for velocities above the acoustic velocity, while, for the same 
portion of pipe, when the velocities are below the acoustic velocity, 
compression occurs. 

In a pipe which first converges and then diverges, the following can 
occur. If the flow commences at a speed below the acoustic, the velocity 
continues to increase and the pressure decrease until the throat is reached. 
If, up to this point, the acoustic velocity has not been reached, compres- 
sion occurs in the second portion of the pipe (diverging portion). If the 
acoustic velocity is reached the further flow can continue as an expansion 
with velocities above the acoustic; it is, however, also possible that, 
from the throat outwards, compression may occur. The back pressure 
at the end of the pipe decides which of the two cases wiU occur. 

If the flow commences with a speed above the acoustic, compression 
occurs. If now the velocity remains higher than the acoustic beyond 
the tbroat, acceleration occurs in the divergent portion and the pressure 



230 


TECHNICAL THERMODYNAMICS 


decreases. If, on the other hand, the acoustic velocity be attained at 
the throat, from there onwards comi)ression may occur, although it is 
also possible for expansion to occur, depending again on the back pressure. 

In the above it has been assumed that the pressure in the space into 
which the pipe discharges is the same as the pressure at the final section 
of the pipe, as given by the initial pressure and shape of the pipe. If this 
is not arranged, considerable alterations may occur in the conditions, 
since the influence of the back pressure, whether above or below the 
correct value, extends some distance within the pipe. Again, in the 
actual process, the changes from one section to another must be gradual. 

Velocity and pressure at the throat section. A convergent divergent 
pipe represents the most general case, since it involves wide limits of pres- 
sure and velocity, both for accelerated and retarded flow. The conditions 
at the throat have an important influence on the flow beyond this section, 
as is illustrated above. At the throat, Avhere the changes in area are 
gradual, dA = 0 and the general equation 

T' 


can satisfy this condition in two ways. First by making dp = 0, i.e. by 
making the pressure constant in the neighbourhood of the throat. This, 
however, does not agree with the cases shown in Figs. 114 and 115, w^here 
the pressure changes at this section are not sensibly different from those 
at any other section. The case in w^hich dp = 0 at the throat will only 
occur when the process in the diverging portion is opposite to that in 
the converging portion, so that, at the throat, the previously falling 
pressure commences to rise, or vice versa. 

We can, however, have dA = 0, w^hether dp > 0, i.e. whether the 
pressure is increasing or decreasing, if 


or F- = 

In the normal cases, shown in Figs. 114 and 115, the velocity of the 
throat is thus the acoustic velocity, which the gas would have when its 
state is the same as that given by the throat conditions. This apphes to 
both compressive and expansive flow. 

The above result can be deduced in another w^ay, as follows. Dividing 
both sides of the fundamental equation by dx, i.e. an element of the length 
of the pipe in the direction of flow, we have 

A dx \ vv ) dx 
dA 

dp dx 

dx 


or 


yp 
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At the throat, which gives the rate of change in the cross-sectional 

area along the pipe, is zero. If now, in spite of this, ^ is not zero, i.e. if 

the pressure changes are as shovui in Figs. 114 and 115, the only possible 
value of the denominator on the right is zero. This, then, gives the 

indeterminate value ^ — ^ which can be above or below zero. 
ax u 


Denoting the values of T", p, and v at the throat by TY- and 
we have 




(256) 


Also, if the initial state in the pipe is defined by Tq. Po- then, for 
the case of expansion, 

and, of compression, 

where is the conversion to work. 

For both cases we can thus vTite 


T7-IV 


^1/ E, 


and, inserting the value of Y ^ given by equation (256), we have 
ill “(7 Ef ..... 

We also have 


and 


7 

=y_liV 


■oFi- 


or 


— ysj IV'fs 
and hence, for both cases, 


ih\ r 

PQ 


- 1 


for expansion 
for compression 


since 


Pt^t — i^o^b 


Pt\ y 
Po 


we have, from equation (257), 


gyPo^'o 




/—h 


which gives 


(pFy _ _ri_ 2 

\Po) Y + i y + 1 


(257! 


(258) 
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This equation shows that the pressure at the throat depends on the 
initial state Vq, on the initial velocit}’- Fq, and on the kind of substance 
flowing (y). 

With Fqo the acoustic velocity in the initial state, we have 


so that 


/Ptir 

[PoJ y + iTV 


y + 1 


(269) 


Again, since 

Vi = VgyPtVt 

or, with the value of given above, 

y- 1 

and substituting the value of ( — I ' given by equation (259), we have 

\LoJ 


V 


t 



. (260) 


Accelerated flow. When the initial velocity is small compared with 
the acoustic velocity at the initial state (as frequently occurs in accelerated 
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Fig. 116 


flow), the first member on the right of equation (259) is small compared 
with the second, so that 

Z- 

Tt * ^ y ~ 1 

‘ (critical pressure ratio) 


This is exact when ~ 0, i.e. when flow commences from rest. 
In this case, as also for moderate initial velocities, the pressure at the 
throat depends only on the kind of gas or vapour (y) and not on the 
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initial state. Fig. 116 shows the values of ~ corresponding to the values 

Po 


of 


y met ^th in practice (1 to 1*67). The changes in — are relatively 

‘Po 

small for different substances and range from 0*5 to 0*6. Hence 
pressure at the throat cannot drop below half the initial pressure. 


the 


If, however, the ratio of the initial velocity 


Fq to the acoustic velocity 


Vao is not negligible, — is larger, i.e. the reduction in pressure is less. 

In the extreme case, where Fq = 1"^^, ~ : 

Po 

equation (259), so that the throat is at the inlet, i.e. the pipe is entirely 
divergent (as shown previously). In convergent pipes, until the throat 
at the outlet section, the pressure at this section cannot di’op below 
and the velocity cannot exceed the acoustic. This is of considerable 
importance in the application to nozzle design. (See page 246.) 


1, as easily shown from 


With 


0, we have 




y + 1 


Po>^o 


which also represents the greatest possible discharge velocity from a 
convergent pipe. 

Compressive flow. For a convergent divergent pipe the inlet velocity 
must be greater than the acoustic. Equation (258) gives 


V - 1 


V 2 
^ 0 


1 


^ 1 

\Po) y -r 1 Vao ' y 

where Fn > F^q. In the limiting case 
gent pipe must be used. 

Fig. 117 shows the amounts of compression obtained at the throat 

for different values of the ratio and for y ~ 1*4 (diatomics at normal 


T’ ft and 


2H 

Po 


1, i.e. a diver- 


V 


aO 

1135 


(initially saturated steam) and 


temperatures), as well as y 
y = 1-3 (superheated steam). 

F 

For values of up to 2 the curves practically coincide. For higher 

1 aO 

ratios, however, the pressure rise for steam is considerably greater than 
for gases. The line for steam applies only so long as no superheating 
occurs due to the compression. In the case of initially dry steam the 
curve for superheated steam should be applied. If the inlet velocity is 
more than double the acoustic velocity the pressure rise up to the throat 
is very rapid and so produces a considerable amount of compression. 

The values of — fail to agree entirely vdth the corresponding values in 
Pq 

expansive processes and are very much higher. 

The velocity at the throat is given by equation (260), 


I.e. 


F, 


jjgypo^ ^ 


y - 1 jV 
+ 1 


+ 
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This velocity is always greater than in the expansion nozzle (assuming 
the same poro)> > 7^0 and can have widely different values, 

depending on the ratio , whereas in the expansion nozzle (assuming 

* aO 

small inlet velocities) Vf has a definite value, which depends on the 
initial state alone. 

The ratio of the inlet area % to the throat area a follows from 


a V^Vt Vo\:Poj 


which, with equations (259) and (260), gives 


a 


"r ~ 1 Xo" I 2 1) 

7 + 1 T' y + ij ^0 


(261) 



Trom this it follows that a nozzle which is used for compression, and 
which has a given throat-inlet ratio, can be correct only for a single 
value of the inlet velocity 1=^0. since the acoustic velocity changes but 
slightly with changes in the inlet state of the flowing substance. An 
alternative method of expressing this is to state that a given nozzle can 
only be correct for different initial values of 2 ^ 0 ? ^0 provided it 

has the correct value of Fq, 



FLOW OF GAMS 


235 


The ratios of the areas, i.e. — are found from equation (261). and 

“ Vn 

are given below for y = 1-4 and for the values of shovTi. 


II. 

M 

1*25 

1*5 

1-75 2 

2*5 

3 

^ ao 







^ 

VaP ~ 

M09 

1*309 

1-763 

2*426 3*375 

6*592 

12*70 

a 

1*008 

1*047 

1*173 

1*627 1*687 

2*637 

4*233 

o 

*-< 

II 

1-3, i.e. ; 

for superheated steam, 



Foap _ 

MIO 

1*314 

1*791 

2*50 3*55 

7-30 

15*50 


1*009 

1*051 

M94 

1*429 1*775 

2*956 

5*167 


Mass flow through convergent divergent nozzles. In the normal process 
(i.e. expansion only or compression only throughout), the velocity at 
the throat of area a is, from equation (256), 


and the mass flow per second through this section (and hence through 
every other section) is 


or 


Now 


so that 


W = 


ft I ^ 



Vf. = Va 


Poy 

Pt 


Pt ^ Pt /pty 
Pq\Po) 


7^-1 

Po fPtY'^7 
^0 \i^o/ 


and from equation (258) 


Po 


r + 1 ? Wo 


V 



hence 


IF 




V 2 

L. + 

y 


2 \7jtl 

7-1 


. (262) 


The mass flow through nozzles of this type is thus dependent on the 
throat, the inlet state, the inlet velocity, and the kind of substance 
flowing. The back pressure at the final section does not appear in 
ion (262), so that, for all back pressures for which the normal 



236 


TECHNICAL THERMODYNAMICS 


operation is possible, the mass flowing per second depends merely on the 
initial state. It is only necessary to ensure that the outlet area of the 
nozzle is such that the pressure there is the same as the outlet pressure. 

If the inlet velocity is zero, i.e. Fq = equation (262) gives 

W = u (263) 


This is also the greatest possible flow through a convergent nozzle. 
(See equation (276), page 243.) 

In compression nozzles, since Vq is greater than V equation (262) 
must be used. For the same initial pressure jOq, the mass flowing can be 
considerably greater than that given in expansion when the value of 

or is large. Also the flow is considerably influenced by the 
l?Wo Vao . r. . ■ 

approach velocity, whereas in expansion the eflect oi tins is negligible. 






Fig. 119 


Discharge of gases and vapours from nozzles. The discharge of gases 
and vapours, i.e. of elastic substances, is diflerent from that of liquids 
in that, during discharge, not only the pressure but also the specific 
volume varies, due to pressure changes. 

The discharge velocity of water, under constant pressure supply, is 
found as follows. (Figs. 118 and 119.) 

Consider a piston of area A ft.^ which exerts a pressure of p lb. /it. ^ on 
the water in the cylinder. When 1 lb. of water flows through a nozzle 
fitted in the cylinder end, the piston moves through a distance such 
that As^ is the specific volume of the water, 

i.e. = 0-016 ft.s 

hence s, = ^ 


The work performed by the piston rod is ^ = Ap^s^ = p^v^ ft. lb. In 
the same way the jet performs the work p^v^ ft. lb. where p^ is the pressure 
and the specific volume of the liquid at exit. In the case of hquids, 
however, the jet pressure is the same as the pressure p^^oi the space into 
which the jet discharges. This now gives p^ = p^. Also := Va^. 
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In the case of gases and vapours, however, is not necessarily the 
same as as sometimes p^ is greater than and is always greater 

than i\. 

The excess work done on the water, per pound, is 

E = 2jp\ ~ p^L\ 

and serves to produce the kinetic energy of the water at the jet. 

If the jet area is small compared tvith the area A of the cylinder, the 
kinetic energy of the tvater in the cylinder may be neglected (approach 
velocit}"). Hence, for liquids, the discharge velocity is 

r = v'2^E 

or r = 

or T’ = 

li lh- pa) ^ g.^,25 

Pi 'V Pi 

If = if is the pressure difference in lb. ft.- and pi is the density 

in lb. ft.^, p^H ~ jJi - or, since H — so that 


which is the usual expression for the discharge velocity' of liquids. 

Small pressure differences. The above expressions appl\’ to gases 
also, when the pressure differences are so small that no serious error 
occurs, due to neglecting the changes in specific volume, i.e. on the 

assumption that — t\. For values of ^ below 0-9, however, the 

formulae deduced later must be applied, since the .simple equation.^ 
deduced here are then invalid. 

Small pressure differences are usually expressed in inches of water. 
In the equations above p^ and are in lb. 'ft.'*^, so that if h is the pressure 
difference in inches of water, the equation for the velocity is 


r 




0-U3(i >: 144A. 


18-27 


Pi 


■V Pi 


(264) 


with Pi in ib.^ ft.^ 

The volume discharged in ft.^/sec. fi‘om a nozzle having a cross- 
sectional area A ft.^ is 


r = -4 r = 18-27 J 



and the weight discharged in Ib./sec. is 
IF = AVp^ = 18-27.4 


(265) 


(266) 


Example 5. Air at atmospheric pressure (14*7 Ib./in.- abs. with p = 
0-0808 Ib./ft.^) and atmospheric temperature flows through a nozzle with 
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the pressure differences 0-04, 0-4, 4, and 40 in. of water. Find the corre- 
sponding outlet velocities. 

Equation (264) gives 


V 


18-27 _ 

v'(K)808 "" 


Vh 


SO that the velocities are I’' = 12-88, 40-7, 128-8, and 407 ft. /see. respec- 
tively. 

Example 6. If, in Example 5, the area of the nozzle is 0-155 in.-, 
find the volumes and weights discharged per second. 

Equation (265) gives 

,,, 18-27 X 0-155 

'■ “ 144 Vo*- 

and equation (266) gives JF = 0*0808 X 0-0695 Vh = 0*00562 Vh. These 
give for 

h = 0-04 0-4 4 40 in. of water 

V = 0-0139 0-044 0-139 0-44 ft.^/sec. 

and = 0-00112 0-00356 0-0112 0-0356 Ib./see. 


Example 7. In a pipe, used for conveying illuminating gas, the 
gauge pressure is T18'' H^O and the temperature 12° C. The barometric 
pressure is 29*5'' Hg. Find the velocity and volume discharged in 10 min. 
from a circular orifice 0*04 in. in diameter. 

The density of the gas at 0° C. and 30" Hg is 0*03 Ib./ft.^, hence at 
29-5" Hg and 12° C. it is 

2Q-5 273 

Equation (264) gives the velocity as 

Y = 18-27 /Jlii- = 118ft./sec. 

0-0282 

The area of the orifice is ^ • ft.^ 

144 

so that the volume discharged per second is 

T7' __ ill ^ X 0-042 X 118 
- ~ ~ 144 “' 

and, in 10 min., 

TTf _ X 0*042 X 118 X 600 

144 


If the orifice is sharp edged the jet area is smaller than the area of 
the orifice and the amount flowing is about f of the value found above. 
(See page 253.) 

Disjcharge with large pressure differences. If the pressures are plotted 



FLOW OF GASES 


239 


to a base of volumes (Fig. 119) the states of the liquid before and after 
discharge are represented by the points A and B, where B lies vertically 
below .4. The work E is represented by the rectangle (pi- pair. 

In the case of gases and vapours, however, a volume increase occurs, 
corresponding to the pressure drop from to p^. In Fig. 120 a portion 
of tJie gas at *4, in traversing the path AB, experiences a volume increase, 
due to the pressure decrease, and the velocity increases from T = 0 at 
.4 to Jp at B, Vf is greater than i\ so that, on the pv field (Fig. 121), B 
does not lie on the vertical through ..4, but to the right of this, by an 
amount equal to the increase in volume between and Pf. 



The position of the points at which the pressure reductions commence 
in the chamber and the course of the pressure changes through the 
nozzle have no effect on the discharge. All the gas particles experience the 
same pressure and volume change in their passage from the vessel to the 
plane of the orifice. The curve AB in Fig. 121 merely serves to express 
the instantaneous relationships between the pressure and volume, i.e. it 
serves to show the change in state in the same sense as previously con- 
sidered. The fact that 1 lb. of gas or vapour is accelerated in flowing 
through the nozzle, in addition to suffering a change of state, has no 
effect on the change of state itseff. 

As in the ease of expansion in a cylinder, a continuous increase in 
volume occurs here from to ip This expansion is adiabatic and isen- 
tropic if no cooling or heating occurs at the nozzle and the flow is friction- 
less. As before, the law of expansion is given by pr‘' = constant, where 
y = T4 for gases at moderate temperatures,* 1-3 for superheated steam, 
1T35 for dry saturated steam, and 1*035 -h 0*lg for wet steam, having 
the dr}mess fraction q. 

In the case of liquids, the work required to accelerate the jet is 
but with elastic fluids extra work is available, 
due to expansion, and is supplied by the internal energy of the substance. 
This extra work is represented by the area below the state curve AB 

* See pages 53, 60, and 137 for hot gases and products. 
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down to the abscissae axis. The total accelerating work, per pound of 
gas or vapour, is thus 

This expression is represented in Fig. 121 by the area ABCD. 

As before, E = 

'^9 


SO that Vt = E (discharge velocity) . 


(267) 


In this form the expression corresponds to that for liquids, namely, 
= V2g H 


The pressure head H is replaced by the work value E, or, if expressed 
in heat units, by the heat drop AE. It should be noted that H, as given 
above, represents a quantity of work and not merely a length or height. 
The mass flow per second follows from the velocity thus — 

The volume flowing through the orifice area a per second is V' = V^a. 


Since the specific volume is 
second is, therefore, 


. and the density — , the weight flowing per 


IF =- 


F 




The work area ABCD, Fig, 121, is, from page 321 


which, since = ptv/ can be written as 

0'_1 
lt\ y 
Pu 


E 




and hence the discharge velocity at the orifice is 




p^Y 

Pi 


(268) 


The weight discharged per second is, then, with v^. = i\ 




a J2g 


y-.il 

y-li\ 


Yi.fiiYY] 


Pi 


pij 


( 269 ) 


Back pressures above the critical. If the ratio — , i.e. the ratio of the 

Pa 

absolute initial pressure in the chamber to the absolute external pressure, 
be varied, it is found, as shown later, that down to a definite limit, the 
value of the pressure at discharge from the nozzle is equal to the external 
pressure, i-e. == 
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Hence, •w'ithin this region, equations (268) and (269) give 

Th = 




; 


and 


V \p^) J 


. (270 

• (271) 


V 

When Pi = p,, both F and W are zero. For values of — which are 

Pi 

not much less than unity, equations (270) and (271) become the same as 
equations (264) and (266). 


Writing 



(272) 


gives, for equation (271), 



(273) 


or 


^ S-025 y) 



(274) 


where a is the area in ft.- and is in lb. ft.- abs. 

With a constant internal pressure and a varying external pressure 
p^, equation (274) show^s that IF depends only on i.e. on the value of 

the ratio equation (272). For the same pressure ratio, but different 
Pi 

values of p^ and IF is proportional to 
quantity, for gases, follows from 

idi 

Rl\ 


. The value of this 

-V 


giving 

i.e. with a fixed initial temperature and fixed pressure ratio the weight 
discharged per second is proportional to the pressure. 

For a given constant initial state the discharge velocity F depends 
only on the pressure ratio and increases as the back pressure is decreased. 
When the pressure ratio is constant, F is proportional to Vpp\> w’hich, 
for dry saturated steam, depends but shghtly on the pressure, and, for 
gases, only on the temperature. Hence, for the same initial temperature, 
V depends only on the pressure ratio and, therefore, is entirely indepen- 
dent of the absolute pressure in the case of gases, and almost so in the 
case of saturated vapours. 

n 

If the values of y) are plotted to a base of the pressure ratios — , 

Pi 

the values of which range from 0 to 1 (Fig. 122), it will be observed that 
17 — (57x4) 
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y) (and therefore the mass flow) does not increase continuously as the back 
pressure is decreased, but attains a maximum value for a definite value 
of the pressure ratio (depending on y) and thereafter decreases. With an 

absolute vacuum in the outer space ( — = 0 ) the value of W, as thus 

V^i J 

given, is zero, as is the case when ~ = 1. This, however, is contrary 

what actually occurs, for gases or vapours do flow into a space in 
lich the back pressure is almost or entirely zero. Hence the equations 



04 O Z 0-3 O^ OS OS 04 OS OS roo /Za-/l, 

OP 


do not apply in this region. It is impossible for the flow to decrease when 
the back pressure decreases. Tests show that, below a certain pressure 
ratio, the rate of flow remains constant at the maximum value however 
small the back pressure may be. The dotted portions of the curves in 
Fig. 122, therefore, fail to give the mass discharged,* and should be 
replaced by straight horizontal lines, continued from the highest points 
of the curves. Tests have further shown that the equations, established 
above, give the correct mass flow from zero up to the maximum values. 

Critical pressure ratio. The pressure ratio ~ , at which the mass 
flow first becomes a maximum, is called the “ critical pressure ratio.” 
As shown in Fig. 122, its value for gases (with y = 1 *4) is | ™ | = 0-528 , 

\!P\ J CT 

for superheated steam 0*546, and for dry saturated steam 0*577. 

* For their true significance, see page 248. 
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The critical value can. be determined from the maximum value of 

2 y + 1 

Pay _ /ia\ y 
Pi) \Pl) 

tvhieh, for a fixed internal pressure, determines the rate of flow (equation 
(271) ). 

Differentiating this with respect to — , and equating to zero, 


gives r ( ihy _ ‘ ...* I cs )'■ = 0 


from which = )■ — V ' . (275) 

as in Fig. 116. 

The maximum rate of flow, expressed in the form of equation (273), 
is then 



as in equation (263). 

For gases with y = 1*4, 

= 3-89a 

and, for superheated steam, 

== 3-SOa 

where a is in ft.“ and 2^1 in Ib./ft.^ abs. 

Back pressures below the critical. The fact that the rate of mass 
flow remains constant, when the back pressure is below a certain value, 
or the inlet pressure is above a certain value, means also, as mentioned 
above, that the pressure just at the nozzle outlet is different from the 
back pressure. This outlet pressure remains constant and is equal to the 
critical pressure, whatever low value the back pressure may have. The 
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gas or vapour flows in lines parallel to AB (Fig. 123) only so long as 
remains equal to If Pt is gi’eater than the gas deviates from this 
direction, as shown by AC, and the amount of this deviation (i.e. the 
angle &) depends on the diflerence pt~!Pa‘ II* until the jet has 

passed the exit section that the further expansion from to occurs, 
as also established experimentally by Stodola. 
The nozzle exit pressure is given by 

_y 



Tt 



y + lj 

\7hich gives, for saturated steam, 

Pt = 0-577pi 

Now, since, under these conditions, remains 
constant, it follows that the available work, 
between p^ and Pt, used in accelerating the gas, 
is also constant, and with it the discharge 
velocity and the mass flow. 

The velocity, therefore, cannot exceed the maximum velocity given by 




which, with — 
Pi 


y + 1 


. (277) 


gives {yt)max = ■ (278) 

Replacing and i\ by and v^, as given by p,v-{y = , and sub- 

stituting the value for ^ as given by equation (277), we have 

{^t)7nax ~ 


This expression represents the acoustic velocity at the state existing 
in the nozzle exit plane. Hence, in the normal type of convergent nozzle, 
the discharge velocity does not exceed the acoustic velocity. This is of 
importance in steam turbine nozzle design. In nozzles of prismatic or 
convergent shape, having the smallest sectional area at exit, the exit 
velocity cannot exceed the acoustic velocity, however low the back 
pressure may be.* The pressure at the exit section cannot be less than 
0'528pi for air, 0*577pi for saturated steam, and 0*546pi for superheated 
steam and hot gases. With high pressure differences the work which can 
be transformed to kinetic energy is only that available between p^ and 
0*528pi to 0‘577pi, 

In Fig. 121 this is represented by the area above the shaded horizontal 
line. The transformation of the remainder, lying below this line, is 

* In the free jet beyond the nozzle, and in nozzles having an oblique exit section, 
the steam can assume a velocity above the acoustic, but only up to certain limits. 
(See page 270.) 
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impossible in the case of parallel or convergent nozzles or channels. 
A special design of nozzle is necessary to effect this. (See page 246.) 

For gases, the maximum rate of mass flow per square inch is 



(See page 243.) 


Also, since 



(page 6) 


we have 





(279) 


Hence, vhen the t-emperature is constant, the maximum flow for 

pressure ratios above - is proportional to the inlet pressure. 

The maximum volume discharge in ft. ^ sec. (at the inlet state) per ft.^ 
of exit area is 

= ^’1-3-89 . (280) 

\ / wax 

and hence gives the same value for all inlet pressures provided the 
temperature remains unchanged. 

The discharge velocity, for these high pressure ratios, is 


and with y = 1*4 

= 6-13 v'BT, (281) 

For air, therefore, with B = 96*3, = 0^ C., or ~ 273' C. abs. 

yn,ax = 992ft./sec. 

and for hydrogen with R = 1390 at = 0° C. 

^max = 3770 ft./sec. 

The velocities are correspondingly higher at the hot temperatures of 
the products. The values of y to be. used will be found in Fig. 68. 

For superheated steam with y = T3, 

^^max = ^*d3 VpiVi (with Pi in Ib./ft.- abs.) . . (282) 

where pii\ = 155 (273 + f2)-0-0525pi (See page 371.) 

In practical cases lies between 200° C. and 350° C. and j between 
4320 and 28,800 Ib./ft.^ abs. (30 and 200 Ib./in ^ abs.), so that lies 

between 270 and 308. This gives, as an extreme value, 

^max = 1360 ft./sec. 



and 


(283) 
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where v. = _ 0-052o (w, in Ib./ft.^ abs. and in ° C.) 

Pi 

For saturated steam, with y — l-13o, we have 

= 5-S4: VjJiUi (284) 

Between 40 and 170 lb. in.- abs. (5760 and 24,500 ib./ft.^ abs.), 
ranges from 246 to 257, so that the steam velocity, issuing from convergent 
nozzles, cannot exceed 1500 ft. /sec. 

The weight discharged per ft.- with high pressure ratios (i.e. above 

1 1*735\ . 

0'-577 

= 3-62 7- (285) 

/ ‘fnax 


Influence of the approach velocity. The above equations apply when 
the discharge occurs from a vessel, in which the contents may be regarded 
as being at rest. If, however, the flowing substance approaches the 
nozzle with an appreciable velocity the discharge velocit}:^ is higher 
than those given above. An example of this is shown in the passage of 
steam through reaction blades. Here the steam enters with considerable 
velocity and is accelerated in passing through the blades, owing to the 
further pressure drop occurring there. In multistage turbines, again, the 
guide blades receive the steam from the moving blades of the previous 
stage, vdth the absolute leaving velocity of this stage. 


The kinetic energy 
original kinetic energy 


y-2 

— of the discharged jet is equal to the sum of the 


Ia 


and E the equivalent of the heat drop, which 


is liberated by the expansion from the inlet to the outlet pressure. 
This gives 


Z! 

2^ 

F 


V 2 

= --A + E 

'2g ^ 


so that V = V Vq- + 2g E 

E is determined, as before, from the heat drop. 


EXPANSION NOZZLES (de LAVAL NOZZLES) 

As shown on page 242, the discharge velocity of a gas or vapour, 
from a convergent or parallel nozzle (upper part of Fig. 124), of any 
cross-sectional shape, cannot exceed the acoustic velocity, and the avail- 
able work for producing the discharge velocity is limited by the initial 
pressure 2h the pressure at the exit section, i.e. — 0*577^i (for 
saturated steam). This is a serious disadvantage in impulse turbines, 
which operate with convergent nozzles discharging steam to a wheel 
chamber, in which the pressure is equal to the exhaust pressure, since 
only the kinetic energy contained in the jet is convertible to mechanical 
work in a wheel of this type. The remaining steam energy, i.e. the portion 
represented by the area below the hatched line in Fig. 121, is entirely 
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lost. The loss is increased as the initial pressure is increased, or the 
exhaust pressure is decreased. 

This loss, which renders the operation of turbines of this type 
uneconomical, can, however, he avoided as first shown by de Laval of 
Stockholm, 

If the nozzle converges doi\m to the minimum section and thereafter 
diverges (Fig. 124), it is found that the pressures in the diverging portion 
drop below 0'577pj . The work available for the production of the velocity 
is thus increased, the amount of this increase depending more or less on 
the amount of the divergence. In this way the discharge velocity is 
higher than the acoustic velocity at the throat, and the diverging portion 
can be so designed that the steam expands down to the hack pressure, 



i.e. to atmospheric pressure in non-condensing turbines, to the exhaust 
pressure in condensing turbines or to the stage pressure in multistage 
turbines. 

In order to carry this out in practice, it is necessary that the cone 
angle of the diverging portion of the nozzle should not exceed about 10', 
as otherwise the jet tends to leave the wall. The length of the nozzle 
thus depends on the amount of expansion. 

In this type of nozzle the frictional effect is considerably greater 
than in the convergent type, due to the higher velocities (up to 3500 
ft. /sec.) and larger wall surfaces. The frictional effect will, however, be 
neglected in this preliminary treatment. 

On this assumption the change of state occurs adiabatically. The 
pressure and specific volume at any section are then found from 

PA = iW (or = pa') 

The same mass flow per second occurs through every cross section 
(a^.). Since the pressure at the throat (a^) is 

Pt = Pi 

the mass flow is given by equation (273), 

i.e. -PF = 8-025aj . (286) 

{at in ft.^ and in Ib./ft.^ abs.) 
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where b = 3-62 for saturated steam, 3*80 for superheated steam, and 
3-89 for diatomic gases. 

This enables the throat area to be determined for a given weight of 
flow. 

If now the gas or vapour is to expand in the diverging portion to a 
pressure and assume a super- acoustic velocity F^. due to the 

pressure drop from to p^ (see equation (270) ), the area must be such 
as satisfies the equation of continuity. This gives 


so that the required area at which the pressure becomes is 

dx ~F ^ * * * ‘ * ■ * ‘ ^ 

A numerical calculation shows that if is to be greater than F^, 
must be greater than a^, i.e. the nozzle diverges from to a^. The 
amount of this divergence is given by equation (287) when the separately 
calculated values of F^, Vx, and Vx are introduced. An alternative 
method of finding the increase in area is as follows. 

At the throat section we have, from equation (276), 

/2fl^ (288) 

dt 

while, for any other section in the diverging portion, equation (273) gives 


.h (289) 

% 

In the case of convergent nozzles, this expression applies only when 
the back pressure is above the critical, but in the case of suitably designed 
nozzles (i.e. convergent- divergent), so that the velocity Vx can exceed 
F^, equation (273), which follows from equation (270), still applies. It 
should be noted, however, that the value of W in equation (289) has 
to be determined from equations (286) or (288), which are based on the 
throat conditions. 

By combining equations (288) and (289), we have 


Wmax 

ai~ y) 


(290) 


At the exit section (a^), where the pressure p^ becomes the same as 
the outlet pressure p^, we have 


Wmax 

% ~~ Va. 


(291) 


The values of yj have been plotted in Fig. 122 for gases, superheated 

steam, and saturated steam. The dotted lines between ^ = 0 and the 

critical ratio have no significance, so far as convergent nozzles are con- 
cerned, hut in the case of convergent-divergent nozzles equation (290) 
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shows that the ratio of the highest ordinate ipmax to tiiat of any other ordin- 

ate corresponding to the pressure ratio — , is the same as the ratio of 

Pi 

the nozzle area (at the section where the pressure is the throat area. 

It should be remembered, however, that expansion also occurs before 
the throat is reached, and from inlet to the throat the pressure drops 

from pi to i.e* in the ratio — . This region is represented by the 

Pi p, 

full curves in Fig. 122, since, for the pressure ratios between 1 and 
the same equations apply as in the diverging portion. 

Since the ratio of the maximum ordinates {frnax) of fhe curves to the 
ordinates yj on the dotted or full lines, at any arbitrarily chosen points 
such as P' or P, is the same as the ratio of the nozzle areas, at these points, 
to the throat areas, it foUows that the ordinates of the f curve will 
represent the reciprocal values of the cross-sectional areas if the maximum 
ordinate is made equal to the throat area. 

It also follows that, with a continuous pressure drop accompanied by a 
velocity increase, the nozzle areas must first decrease and then increase. 
In the first portion the steam expands from to p. = O^ollpi (for 
saturated steam), and the velocity becomes equal to the acoustic velocity 
under the throat conditions, i.e. at p^ and In the second portion the 
pressure drops still further, depending on the ratio of the exit area to 
the throat area. The velocity beyond the throat is thus higher than the 
acoustic velocity. ^ 

In the upper part of Fig. 125 the ratios ~ have been plotted to a 

base of pressure ratios ~ for saturated steam, superheated steam, and 
Px 

gases. With a given pressure drop, the largest increase in area occurs 
with saturated steam and the smallest with gases. The portion on the 
right of the diagram was drawn for expansion ratios between 25 and 100 
for which a smaller scale was necessar}'. 

In the lower portion of Fig. 125 the diameters of a nozzle of circular 
cross section have been plotted to the same pressure ratio base. The 
resulting nozzle is conoidal in shape. The pressures have been plotted 
below the nozzle and give, for example, a value against the pressure 
ratio 1, and the value xVih against the pressure ratio of 17. This type 
of diagram can also be used to determine the pressure changes in a given 
nozzle. It is only necessary to determine the ratios at various 

sections of the given (e.g. conical) nozzle and from these determine the 
pressure ratios by means of the upper curve in Fig. 125. 

When the exit area is such that the pressure just at outlet is equal 
to the back pressure, the discharge velocity is given by 

Fa = 

where E is the available energy between p-^ and 
This gives 




( 292 ) 
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Values of ^ have also been plotted in Fig. 125 for saturated steam. 

When the pressure ratio is about 11 the velocity is double the acoustic 
velocity. For a pressure expansion ratio of 12 the discharge velocity 
from the nozzle is 2-03 (i.e. about 3060 ft. /sec. if = 176*4 Ib./in.^ abs.) 
and for a ratio of 100 it is 2*6 = 3920 ft. /sec. 

If superheated steam is supphed to a nozzle and, at a particular 
section of the nozzle, changes to the saturated state, ec[uations (289), 
(290), and (292) no longer apply, owing to the change in the adiabatic 
exponent from 1*3 to 1*135. If the change occurs before the throat, 
equation (286) and the expressions for the throat pressure are also 
inapplicable. In these cases it is better to apply graphical solutions by 
means of the entropy diagrams (see pages 455 and 465), although general 
expressions can also be deduced. 

Effect of increasing the back pressure. The ratio aja^ of the divergent 
portion of a nozzle determines the ratio of the initial to the final pressure 
for a given gas or vapour. Nozzles are, therefore, only correctly designed 
provided the back pressure is the same as the exit pressure, as given by 
this ratio. If the back pressure is increased above this, it has been 
shown by Stodola’s tests that the expansion of the substance is different 
from that in the normal expansion in that its pressure drops below the 
back pressure. At some point X (Fig. 125), however, the pressure com- 
mences to rise again and continues to rise until it becomes equal to the 
back pressure. Impact occurs at X, causing a loss in the jet energy. 
The position of X depends on the back pressure, and as this is increased 
X recedes from the nozzle end. 

Steam consumption of nozzles with varying initial pressures. The rate 
of flow from a given nozzle having a throat area is 

W=^ba,Jf< ba, 

Now ill the case of dry saturated steam, the product varies but 
slightly with the pressure, as can easily be verified by reference to steam 
tables. In the case of superheated steam, the equation = RT-^^ - Cp^ 
applies, and the term Cp^^ is small compared with RT^, For the same 
steam temperatures, therefore, p-^Vj^ depends but slightly on the pressure. 
Hence it follows that the rate of flow is proportional to the initial pressure, 
both for saturated and superheated steam. Thus, at 147 Ib./in.^ abs. 
(10 atm.), the rate of flow is 1*25 times that at 118 lb. /in.^ abs. 

(8 atm.), and twice as great as that at 73*5 lb. /in.^ abs. (5 atm.). The 
back pressure does not affect this, so long as it is not high enough to 
influence the conditions as far back as the throat or does not exceed 
fche critical pressure. 

On the other hand, by changing the amount of superheat and keeping 
the pressure constant, the rate of flow decreases as the temperature rises, 
being approximately inversely proportional to the square root of the 
absolute temperature. 

If steam is only moderately superheated, so that it becomes saturated 
before the throat is reached, this rule does not apply. 

Expansion in non-divergent nozzles or channels having an oblique 
exit section. The exit sections of the nozzles or channels of a steam 
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turbine are not perpendicular to the direction of the jet at discharge but 
inclined to it, as in Fig. 126. Now, in the case of convergent nozzles, so 
long as the pressure in the wheel chamber is not below the critical value, 
the jet is discharged in the direction BE, i.e. at the angle a and with a 


velocity 7 < F^. If, however, “ is less than 0*545, the velocity of 

Ih 

the jet at the narrowest section AC = cannot exceed the acoustic 
velocity 7^ however great may be compared with and the pressure 
at AC cannot exceed the critical pressure, i.e. 0*545pi. Beyond AC, 
however, the steam tends to expand from to The area required 

for this is obtained by a deflection 
of the jet at the angle a' > a. 
This deflection commences iiiACB, 
and the jet thereafter becomes a 
parallel stream of area a a. Equa- 
tion (291), which applied to de 
Laval nozzles, can be used here 

in finding the ratio — from the 

p 

pressure ratio From Fig. 126, 

Vi d 

we have sin a' = ~ sin a since 
at 

4 = sin a and = sin a' 



This jet deflection has been confirmed by observation. 

It follows that non-divergent nozzles, with oblique exit sections, are- 
capable of operating with an increased pressure drop, so that the discharge 
velocity is increased, accompanied, however, by a deflection of the jet, 
and this deflection increases as the jet velocity V exceeds the acoustic 
velocity. Expansion also occurs in the oblique portion of convergent- 
divergent nozzles when they operate with pressures above the normal 
pressures. 

A theoretical treatment of this will be found on page 270. 

Actual rate of flow and discharge velocities. The actual rate of flow 
and the discharge velocity depend not only on the area of the throat 
but also on the shape of the nozzle. In this, the shape of the cross section 
(i.e. circular, square, rectangular, etc.) is of less importance than the 
shape of the axial section. 

All the tests carried out on air or steam show agreement with the 
equations (264) to (285) provided the nozzle is well rounded at inlet, as 
shown in Figs. (120), (123), and (124). 

In ail cases the substance requires a certain amount of time and a 
Gorrespondiug distance to acquire the discharge velocity from a state of 
rest. If the nozzle is sharp edged, as shown in Fig. 127, the formation of 
the jet com m ences within the vessel. Tests with liquids show visibly 
that the direction of flow of the outer surface of the jet, at the plane of 
the orifice, is not parallel to the jet axis. In the case of a circular orifice, 
the free jet is conoidal in shape and only becomes cylindrical at some 
distance beyond the orifice. The maximum jet velocity 7 occurs at the 
narrowest jet area A' < A, as shown by the equation of continuity, and 
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4' 

the flow per second is, therefore, not AVp but A'Vp. The ratio — L\ 
is called the coefflcient of contraction/’ and gives 

W = C,AVp 

If a nozzle be designed so that its inner surface has the same shape 
as the free jet (see lower part of jet in Fig. 127), and also, so that all the 
stream lines at the throat are parallel, the flow through it will be approxi- 
mately the same as that given by calculation. This has been confirmed 
by tests, which also show that the perimeter is of less account than the 
rounding of the nozzle at inlet. Even a small amount of rounding has a 
considerable effect. 

When the nozzle, however, is well rounded, the actual mass discharged 
is still below the calculated. This is due to the discharge velocity Y 
being less than the ideal T'^q, as found from the pressure ratio and the 
properties of the fluid. A part of this velocity is destroyed by friction in 
the nozzle, so that 

V = C'j; 

where C\ is the “ coefficient of velocity.’’ 

Hence, for a convergent nozzle, 

ir - c\c,ar,p 

The product C gives 
\V =: C,a lo P 

For the general case, however, the relation C\i ~ C\.C\ does not apply. 
Thus, in the case of a sharp-edged entrance to a pipe, it can be assumed 
that the contraction within the pipe is similar to that of the free opening 
shovm in Fig. 127. The discharge velocit}^ F. however, is determined at 
some distance in the pipe beyond this section, by taking account of the 
impact loss due to the expansion from the narrowest section to the pipe 
section. Due to this impact loss, some of the kinetic energy is cc!. verted 
to heat. Hence Cc and C\, are not related in the above simple manner, 
since they correspond to different sections. 

In aU nozzles, therefore, w^hich are not sharp-edged orifices of the 
type shown in Fig. 127, the rate of flow is vnitten as 

TF = CJF, (293) 

where TFq is the theoretical rate of flow, neglecting friction and con- 
traction. is called the “ coefficient of discharge.” 

Further, V = C,Fo 

where F is the actual discharge velocity. and are the only values 
which can be found by test directly. 

In place of the coefficient C^, which is of importance in turbine design, 
another quantity will be introduced here. The value enables the loss 
in energy per pound to be determined without reference to the coefficient 
of discharge C^. The energy of the jet, with no velcxjity loss, is the same 
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V- .7^ 

as the available work but the actual jet energy is — , so that 

the loss is 


Fo^- 7^ ^ 
-2g 2g 

or E, = E, {I- C\:^) 

E 

Denoting the ratio by ^ 


J/2 




gives ^ — 1 - C^^ ....... (295) 

^ is called the coefficient of resistance.'’ 


For gases and vapours a further relationship has to be established 
between C^ (of equation (293) ) and C^ or ^ (of equations (294) and (295)). 
Due to the frictional work the jet is heated so that the specific volume 
v' at the throat is greater than that given by the usual equation with 
adiabatic expansion. x\s will be shown later, this increase in volume is 
the same as would be obtained by heating the gas, after adiabatic expan- 
sion at the exit pressure, if the heat supplied is Ai^Eq. 

v' 

If now we write — — I R the rate of flow, 

V 


with 

is 



XT/- ^ 0 ^ V ^ < 2^0 

lil -f ^) “ 1 + ^ y 


but = Ifo 

so that W = Wo 

from -whieb = Cd • 

1 +(8 


(296) 


The value to be given to a ^ is that corresponding to the final velocity. 
In equation (296) ^ is still dependent on C^ but the relationship is 
somewhat involved. Thus, in the case of gases, we have, due to the 
heating effect caused by friction, 


or 


A^Eo^c^(T’-T) = c,T(^^-l"j 

T' AIEq 
T c^T 


in which T' is the actual, and T the adiabatic, final temperature. From 
Gay-Lussac’s Law, this is also the proportional volume increase, so that 


= 1 4- 


. (297) 
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and, if AE^ is replaced by the heat drop h^, 


C 


A 


VI 



(2985 


since = Vl - ^ from equation (295). 

In this the value of ^ can be found when is knovTi from test 
results. 

(See page 309 on the representation of this on the entropy diagram 
and the difference between the real frictional work and the loss in energy, 
which, however, has no effect on the above treatment.) 

Experimental verification of the discharge equations. As previously 
mentioned, tests for this purpose can only be carried out with short well- 
rounded nozzles. Such tests, with up-to-date equipment and due regard 



• li'a\si?aci (Air) 
Z.^Zeuner ( •• J 
6.^ 8sraeT:arr: fSfeam) 

(H) (ic) f2\5) (3-S) m) \ 

Fig. 126 


to the various sources of error, have been carried out by Zeuner'*^ on air, 
by Gutermuth and Blaessy on dry saturated steam, and by Bendemaiiii,! 
as well as Loschge,§ on superheated steam. They all agree in showing 
that the measured amounts discharged differ by only a few per cent from 
those given by calculation. 

In Zeuner’s earlier tests, in which compressed air was discharged 
from a vessel, he found that, for pressures more than double the exit 
pressure (thus giving the acoustic velocity) the agreement with equation 
(276) was such that the discrepancies could be accounted for by the 
errors of observation. He thus confirmed St. Tenant's and WantzeTs 
Law of constant rate of flow for pressures above the critical. 

In later and more exact tests by Zeuner (flow of atmospheric air into 

* Zeimer, Technische Thermodynamihi 1st Edn. (1887), page 250- 2iid Edn. 
(new tests) (1900), page 256. As carried out in the Dresden Tech. High School. 

I JForsch, Arb. No. 19 (1904). 

J Forsch. Arb. No. 37, in which appear remarks on other tests. 

§ Z,V,dJ. (1913), page 60. 
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an evacuated vessel, through nozzles of 5, 11, and 15 mm. diameter) the 
rates of flow were found to be slightly less than the calculated, and 
gave ^ = 0-066, 0-068, and 0*044 each at the acoustic velocity. These 
correspond to C^ = 0-97, which is about the same as C^. 

Weisbach had found earlier that the value of C^, for smaller pressure 
ratios, was also 0-97 when the nozzles were well rounded and short. 
His results, along with Zeuner’s, as shown in Fig. 128, give an horizontal 
straight line throughout. For low pressure ratios the values seem to be 
slightly less. 

Gutermuth found, in the case of steam flowing through a well-rounded 
convergent nozzle, complete agreement with the calculated values,” 
both for small and high pressure ratios, and for initial steam pressures 
ranging from 15 to 135 Ib./in.^ abs. 

Bendemann, whose results confirmed all the earlier tests, found, in 
the case of moderately superheated steam and for all pressure ratios, 
that the values of W, as found by test, were from 3 to 4 per cent smaller 
than the calculated values, so that C^ = 0*96 ~ 0*97. For saturated steam, 

however, the actual discharges, with pressure 
ratios above 1-3, are slightly higher than the 
calculated values, so that apparently 0^ is 
greater than unity. Again, saturated steam 
and superheated steam showed the same dis- 
charge, for the same pressure ratio, which is 
also contrary to the theory already given. 

Loschge, however, confirmed these results. 
For superheated steam at about 260° C. and 
between 75 and 105 lb. /in.^ abs., he found 
C^ = 0-97, as also for pressure ratios below 
and above the critical up to about 0-85. In 
the case of saturated steam, however, with super- critical pressure 
ratios, the actual discharge was about 3 per cent greater than the 
calculated. This apparent contradiction is now explained by the theory 
of supersaturation, in which the steam continues to behave as if it were 
superheated, and so becomes undercooled. 

The velocity coefiScient for nozzles, as used in the above tests, is about 
the same as The difference is found from 



giving C^ slightly higher than C^^ By taking account of the difference 
we have 

C^ — 0*975. 

Measuring no25zles. The volume (or weight) of a gas or vapour 
flowing in a pipe can be measured by inserting a suitable measuring 
nozzle in the pipe (Fig. 129). By means of a differential manometer the 
pressure drop in the stream between inlet to, and exit from, the nozzle is 
measured, while the pressure at inlet is measured by means of a normal 
gauge (or the pressures and alone are measured). The mass dis- 
charged per second is then given by 




}efF. of Discharge. Cd 
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where, for a small pressure di'op (page 237), 

IF, ^ .4rp = 
so that IF = C^A 

and V = CfiA 

The value of p is that corresponding to the outlet conditions, and F 
is the volume of gas discharged per second. Since, however, this equation 
is only valid for small pressure differences and, in addition, the approach 
velocity is neglected, it is better, as pointed out by Jakob and Fritz, 



to take the mean value where pi and p., are the densities before 

and after the nozzle. 

Using Germany standard nozzles, Jakob and ErkJ obtained the 
following values — 


Nozzle ! 
Diameter 
Inches 

Material 

I Pipe 

1 Diameter. 

1 Inches 

1 

\ 

Aozzie at | 
Pipe End j 

Nozzle in 
Pipe 

7-88 1 

C.I. Machined 

19-7 ' 

0*955 

0*9645 

5-50 

C.I. Machined 

i 13-8 ; 

0*957 

0*963 

2-75 

C.I. Nickelled and polished 

i 6-87 

0*965 

0*955 

3-13 

Wood. Painted and varnished 

i 6*87 

0*944 

0*946 

313 

Wood. Painted and varnished 

I Very large 

1 

0*972 



The mean value of from these is 0-96. 

Very complete tests have recently been carried out on air, steam, 
and water by Jakob and Kretzschmer,§ by Witte, |i and by H. Muller 

* Z.V.d.l. (1928), page 116. “Application of simplified formulae to nozzles and 
channels.” 

f See Regeln fur Leistungsversuche an Ventilatoren und Compressoren. (Rules for 
output tests of fans and compressors.) 

J Z.V.dJ. (1924), page 581, and Forsch. Arh. Xo. 267. 

§ Forsch* Arh. No. 311. Coefficients of discharge of standard nozzles.” (3*94 in. 
to 39*4 in. diameter), 

11 Z.V.d.l. (1928), page 1493. “ values for water, oil, steam, and gas.” 

i8--(57I4) 
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and H. Peters.* * * § Theii* results are shown in Fig. 130, where the coefficients 
of discharge have been plotted to a base of Re^molds’s numbers Vd/v, 
which enable the influence of velocity, diameter, and kinematic viscosity 
(and hence the kind of fluid) to be expressed. (See page 277.) 

The results show that lies between 0*9o and 0-985, and increases 
as Reynolds's number increases. 

Sharp-edged diaphragm orifices. Tests show that the flow through 
sharp-edged diaphragm orifices is always less than that through well- 
rounded nozzles under the same conditions. 

The lower curves in Pig. 128 show Weisbach's‘f results for his tests 
with air. lies between 0*55 and 0*7. The increase with increasing 
pressure ratios is quite marked, but is slightly 
reduced for increased areas. Zeuner’s results, 
obtained with a round, sharp-edged orifice, are 
also shown. His curve commences at the pressure 
ratio 1*5 and lies close to Weisbach's. The dis- 
charge coefficient increases with the pressure and 
continues to increase until after the acoustic 
velocity is attained, i.e. for values of above 

1-7. The abscissae values above T5 have been 
re-drawn to a smaller scale (bracketed abscissae 
values), for which the corresponding C^ curve is 
marked (Z.c.). As the aii* pressure rises from 1-5 
to 4 atmospheres, C^ increases from about 0*65 to 
0-83, but the discharge velocity remains constant. J 
In these tests the observed reduction in the rate 
of fl-ow is due entirely to the jet contraction, so that 





since (7^ = 1. This follows, since the surface friction at the sharp edge 
must be less than in the case of nozzles which are rounded at inlet. 

'23 

For very small pressure difierences, giving at most — = 1*005, 

Ta 

A. 0. Muller § found, in careful tests with air, that C^ == 0-597, which is 
appreciably higher than Weisbach’s value of 0*54 at this pressure ratio. 
Weisbach’s orifice, however, was not really sharp edged, as it consisted 
of a hole bored in metal 0-1 mm. thick. (See Fig. 143.) 

How through short cylindrical nozzles or bores. Impulse and reaction 
measurement. The entrance edge is of importance in that it decides 
whether or not contraction will occur. If the edges of short cylindrical 
nozzles are well rounded at inlet the conditions are similar to the nozzles 
considered on page 256. The term discharge area ” means the area of 
the exit section of the nozzle. 

When the edges at inlet are sharp, contraction occurs just beyond inlet 
both in parallel and in convergent bores. If the bore is deep enough, 

* Z.V.d.I, (1929), page 966. values for standard nozzles.” 

t From Grashof’s Hydraulik. 

} The only reference to this interesting result is in the earlier edition of Zeuner’s 
Thermodyyiamik . 

§ ForscK Arb. No. 49. “ Measurement of the flow of gases by means of throttle 
plates.” 
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the jet lills the full bore and leaves with a cross-sectional area equal to 
that of the bore. AVeisbach has observed that, in the ease of water and 
air, the pressure at the contraction and in its immediate r.eip!:! onrhcr.d 
drops below the outlet pressure, so that the velocity h' at :l:;s noii.: is 
higher than corresponds to the pressure drop between inlet and" outlet. 
Be3’-ond the contraction, the jet velocity decreases in agreement with 
the increase in area, so that the kinetic energy" of the jet decreases by 


V where V is the outlet velocitv. 

2g 2g _ 

utilized in increasing the static pressure 


Part of this energt’' decrease is 
and the remainder is converted 



to heat and must be regarded as a nozzle loss. Xow this lo.ss is con- 
siderably greater than the loss caused hy friction on the walls of con- 
vergent nozzles, so that the velocity coefficient Cj. is considerabh' less. 
The rates of flow are also less than wdth a well-rounded inlet, but greater 
than those obtained through a sharp-edged diaphragm orifice of the same 
diameter, notwithstanding the velocity reduction. AA'eisbacli’s and 
Zeuner's results with air, and Gutermuth's with dry steam, are shown 
in Fig. 132. In all these cases, and for all pressure ratios, the rates of 
flow are less than the theoretical. 

Gutermuth’s tests, mth a circular passage, show slightly higher values 
than the others, while the rates of flow through a rectangular passage are 
definite!}^ higher than those through a circular passage under the same 
conditions, probabty because a flat plate was fitted in front of the orifice, 
causing an increase in the coefficient of contraction. It is not correct to 
regard the openings used in Gutermuth’s tests as shard-edged orifices, 
similar to those in diaphragms, as proved not only the resulting 
discharge coefficients but also by Stodola’s pressure measurements on 
similar openings, which show throughout the same pressure changes as 
in passages of the type shown in Fig. 131. 

The values of the velocity coefficients have been determined in more 
recent tests, using parallel passages rounded at inlet and also convergent 



260 


TECHNICAL THERMODYNAMICS 


and coiiYei'gent-divergent sections. These are of importance in their appli- 
cation to turbine design, particularly with regard to the energy losses. 
The measurements were carried out either by the impulse inj^hod or by 
the reaction method. In both cases the impulse or reaction is given by 


where F is the outlet velocity and TF the mass flowihg per second. By 
measuring P and W, the value of F is thus determined. See page 580 on 
the limits of application of this method. 

The first impulse measurements with de Laval nozzles were probably 
carried out by E. Lewicki.* Later tests of a similar nature were carried 




out by Briling.t Lewicki showed, in these tests, that it was possible for 
the velocity, in de Laval nozzles, to exceed the acoustic velocity, as was 
previously established theoretically by Zeuner, although disputed later 
by other authorities partly as a result of tests. Lewicki’s tests, moreover 
showed good agreement between the actual and experimental rates of 
flow both for saturated and superheated steam. 

Using slightly superheated steam discharging through a cylindrical 
nozzle 0*254 in. diameter and 1*18 in. long, Briling found C^ = 0*95 for 
velocities ranging from 500 to 1440 ft./sec. and C^ remained unchanged, 
using a rectangular section 0*157 in. X 0*394 in., under the same con- 
ditions. With a shghtly convergent nozzle, having a minimum diameter 
of 0*338 in., the values of C^ ranged from 0*92 to 0*965 as the velocity 
was increased, i.e. as the pressure ratio was increased. (Fig. 128.) 

A large number of reaction tests have been carried out by Josse and 
Christlein. Six different de Laval nozzles, as used in steam turbines, 
were tested, having sectional area ratios which increased from 1 : 1*185 to 
1 : 12*95. Tests were also made on three turbine blade channels. 

If the nozzles are used with the correct pressure ratio, the coefficient 
of velocity has its highest value, as would be expected, since the only 
loss is that due to friction, i.e. there is no impact loss. The values obtained 
in this way from these tests showed that the losses in nozzles with a 
relatively large increase in area, with a consequent high leaving velocity, 
were not so great as in nozzles with smaller area increases. The highest 

* Z.V,d,L (1903), page 441. “Application of high superheat to steam t-orbines.” 

t Forsch, Arh. 68. 
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values of were obtained at speeds between 2600 and 3600 ft. sec,, 
where it amounted to about 0*95, while for a speed of 2100 ft. sec. it 
was 0-94. In the case of the guide blades the value was about 0-92 to 
0*93. 

Assuming a mean value of C\. = 0*945 for de Laval nozzles, the jet 

loss is ^ ^ i_(j 2 ^ l_ 0.9452 ^ 0-107 or 10-7 per cent, 


and, for channels -w-ith slightly superheated steam, 

^ = 1 -0-923^ = 0-148 or 14-8 per cent. 


The high value of = 0-92 given above for guide blade channels is 
obtained only for steam velocities as high as the acoustic velocity. As the 



velocity is decreased, (7„ is also decreased, and at 800 ft. sec. becomes 
equal to 0-85, so that the energj' loss is then 

^ = 1 - 0-85^ = 0-28 or 28 per cent 

so that, at low speeds, the energy loss becomes serious. 

When, at moderate speeds, the range of superheat is increased, the 
values of are reduced, and it is only when the acoustic speed is reached 
that they become equal to those given by saturated steam (Fig. 135). 
The dotted portions of the curves in Fig. 135 have no real significance 
since they lie above the acoustic velocity. 

Loschge, in measuring the rates of flow through similar channels, 
found that, for pressures at outlet below the critical pressure, the discharge 
coeflicient was = 0-92, and that, as the outlet pressure was increased, 
Ci was reduced, thus 

with ^ = 0-7 0-8 0-9 

Pi 

Og = 0-91 0-90 0-89 

As in the case of convergent nozzles, the rates of discharge for super- 
heated and dry steam were equal. 

In testing de Laval nozzles with steam velocities above or below 
that corresponding to the area expansion ratio, the coefficients of dis- 
charge rapidly decrease. e i • i 

In Fig. 136 will be foimd the results of the Institution of Mechamcai 
Engineers Nozzle Research Committee on steam turbine nozzle tests, 
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which show, contrary to the other results, an increase in the velocity 
coefficient, as the velocity is decreased. The curve R refers to a Parsons 
reaction blading. 

Super-acoustic velocities in parallel or convergent nozzles. As shown 
on page 222 et seq., and also by tests, the discharge velocity from parallel or 
convergent nozzles cannot exceed the acoustic velocity Fg, corresponding 
to the state of the substance at the exit section. It follows, therefore, 
that the pressure at this section is higher than the hack pressure when 

the ratio — (i.e. the inlet to the outlet pressure ratio) is above the 
Pa 

critical value. 

Ill apparent contradiction to this, E. Lewicki first showed, by means 
of impulse tests, that the discharge velocities from a convergent nozzle 



Fig. 136 


were considerably greater than the acoustic velocities. The value of these 
super-acoustic velocities depends on the distance of the impact plate 
from the nozzle end (Fig. 133). The measured velocities have been 
plotted in Fig. 137. 

The steam (saturated) inlet pressure was = 99 Ib./in.^ abs., and 
this expanded through a nozzle into an air space, where the pressure 

was 1440 lb./in.2 abs., so that — = 6*87, which is well above the 

Pa 

critical ratio of 1*732, for ivhich the corresponding velocity is 1500 ft./sec. 
These tests show that the velocity increases (up to a certain limit) with 
the distance of the jet from the nozzle exit. This can only be caused by 
the excess pressure Pt~- pa, but the velocity increase cannot be calculated 
as if the jet were surrounded by a wall of the jet shape, in which case 
the jet velocity Tvould rise to 2740 ft./sec., corresponding to the pressure 

Pa 

A certain limiting value of the final velocity of the free jet can, 
however, be determined as shown by Zerkowitz. The rate of flow from 
a convergent nozzle is independent of the outer pressure (provided this 
is below the critical), and is given by 

= ba 

V % 
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W is also independent of the processes occurring in the jet after it leares 
the nozzle. Hence the velocity at the nozzle exit must he given by 


as previously deduced. 

Consider now the section of the free jet at which the static pressure 
within the jet becomes equal to the external pressure If it is assumed 
that no mixing with the surrounding air has occurred up to this section, 
so that the rate of flow is still IF lb. /sec., the following applies. The free 
external force used in accelerating the jet is a{p^-p^), where pi is the 



pressure at the nozzle exit. The mass accelerated per second is IF g, 
and the velocity change along the nozzle axis is - Ff, hence 

{Pt-Pa)=- {y-Vt) 

or F = T’, 

In the above test, W — 0-0608 Ib./sec., = 0-5775 x 99 = 57-2 lb. in" 
abs., a = 0-0442 in.®, so that 

_ 0-0442 X 32-2 (57-2 - 14-4) 144 

“ ‘ + 144 X 0-0608 

= Vt + 1000 

With Vf — 1500 ft./sec., we thus have 
F = 1500 + 1000 = 2500 ft. 'sec. 

A considerable increase in velocity thus occurs outside the nozzle. 
The calculated values near the nozzle end, before mixing with the air 
occurs, agree well with the actual values measured by impact (Fig. 137). 
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Further on, however, the actual jet velocity is decreased owing to the 
work necessar}^ to accelerate the air surrounding or mixing with it, and 
the determination of V from the impact equation 

g 

is no longer possible, since Tf is not now" constant. If W were assumed 
to be constant the values of V would be too large. The true jet velocity 
is thus limited to the value calculated above. 

It is important to notice that the super- acoustic velocities are only 
obtained outside a convergent or parallel nozzle. 

Two special cases. Figs 138 and 139 represent special cases which 
have recently been investigated.* 

1. In the case represented in Fig. 138 discharge does not take place 
through a relatively small opening from a large vessel, as has been 
assumed in all the previous cases, but through a pipe 
having a diameter which is not much larger than the 
y diameter of the orifice. Apart from the increase in 
velocity due to the approach velocity 7^ and given by 
Fig. 138 ^ 

^9 

another factor also tends to increase the rate of flow. Due to the flow, 
already established in the pipe, the stream lines in the neighbourhood of 
the opening now experience a smaller contraction, the amount of which 
depends on the ratio of the orifice area to the pipe area. If this ratio is 
increased (and the orifice is sharp edged), the contraction is reduced. 

Thus, Muller found the following values, when air was discharged 
through circular sharp-edged orifices, 

^111 
12-25 3-48 1-73 

= 0-603 0-644 0-755 

The pressure diflerences lay between 0T18 and 3T5" H 2 O, which give 



and W = C^ A \/2glip 

2. Fig. 139 shows a pipe, fitted to a chamber, with a sharp-edged 
orifice at the pipe end. In this case, contraction is followed by an increase 
in area causing a retardation of the jet. The resulting energy loss is now 
greater, since the difierence between the velocity in the pipe and that at 
the contraction is greater. 

From MuUer's tests with 

£_ _ ^ 1 1 
“ 12-25 3*48 P73 

0 ^ = 0-632 0-685 0-764 

where A is the area of the orifice. Fig. 139 

* Forsch. Arh. Ko. 49. A. O. Muller. Measurement of gas flow with a throttle 
plate.” 
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Throttle plates for measuring rates of flow. Quantities of gas or 
vapour flowing through a cylindrical pipe can be measured by means of 
a ^aphragm having a concentric sharp-edged hole cut in it (Fig. 140). 
An orifice of this t3rpe has a throttling effect on the gas stream (see page 
210), and a thrust is exerted on the side of the diaphragm facing the 
stream. If is the cross-sectional area of the pipe, A the area of the 
orifice, and the mean gas velocities before and after the plate, and 
Pi and p 2 the corresponding densities, we have 

If = ^FiPi = A 1 V 2 P 2 
so that = 

P2 

The gas flows through the orifice in the form of a closed jet, and 
shortly after passing the plate continuously increases in area until, at 
a certain section, it again completely fills the pipe. Between the orifice 



and this section an irregular turbulent state exists in the space between 
the jet and wall surfaces (Fig. 140). The edge of the plate facing the 
stream must be sharp and the orifice should diverge rapidly at the back, 
so that the jet can develop freely, as in the discharge through an orifice 
in a thin wall. The narrowest jet section {vena contrada) then occurs at 
a short distance dorastream from the orifice and is smaller than A, Its 
value is O^A where is the coefficient of contraction (see page 253). The 
velocity of the jet at this section is found from 

If = G,AVp 
which, with AiV^pi = G^AVp, 

gives . (299) 

A 

Since > 1, pi > p, and Cc < h it follows that V > Fj, i.e. the gas 
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velocity is always increased, due to the presence of the orifice. If, for 

A 

example, — = the velocity is more than doubled. A pressure drop 

is required for this velocity increase, i.e. the pressure at the 
vena contracta and in the space round the jet is less than the pressure 
just before the orifice. Under these conditions (see page 219), 


V 2 

f 9. 


2? 


= 


Pi -Pi 


(300) 


where is the mean specific volume, and is the mean density, as given 
by the adiabatic pv expansion curve. If the pressure drop is relatively 
small, = 1(^1 + v) or p,„ = Kpi + p). 

A 

From equations (299) and (300) and with -—= m, 

nr /o\2“ 

have - ^2 = Pm ^ I 1 - ' -- 


■we 


Pi 


(301) 


so that 


F 




X 


1 


1 _ “ 

.Pi 


From this, with F' 
second, 

F' = 


C\A F where V' is the volume flowing per 

. (302) 


C,A 


l-ni-CA{£- 
Pi 


MPi-Pi) 


and ■writing 


gives 


or 


1 - 

Pi 


= k . 


29'(Pi-P2) 


V" = ~ = k— tMlizM 

A .4, 


. (303) 

. (304) 

. (305) 


Equation (304) is the usual discharge formula for an orifice of area A 
in a large vessel with an internal pressure p-^ and an external pressure p^, 
but the discharge coefficient k increases with m. The value of the volume 
flowing per second at the throttled conditions can be calculated from 
equation (304) when A, p^, p, and C^, are known and the pressure 
difference on the two sides of the plate is measured. If the pressure 
difference is small we can take p^^ = p = p^. In measuring 2h ~ P% 
should be observed that the points at which the pressures are read 
should be on the surface of the diaphragm and close to the pipe wall, as 
shown in Fig. 140.^ These points should, if possible, extend round the 

* See Regeln fiir Leistungsversvche ay% Ventilatoren und Oompressoren (V.d.I.. 
Verlag 1925), regarding the construction of these diaphragms. 
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inner edge. The method of taking the pressure measurement is just as 
important for the correct determination of the flow as the shape of 
orifice. If the plate be reversed the readings are no longer applicable. 

The coefficient of contraction of the sharp-edged orifice, as applied 
in equation (303), is not constant (see pages 257 and 264), since it 

increases as ^ increases. In addition, k depends on or i.e. on 

-'ll p 

the amount of expansion to the vena coniracta. The equation of the expan- 
sion curve is 


which gives 

If now Pi {pi ~ 2h) measured, and the value of k is determined 
from equation (303) by using the value of from page 258, V is given by 



equation (304). The values for however, are not extensive enougii 
to suit all the cases arising in the measurement of flow. A large number 
of tests, however, on the direct determination of k in equation (304) 
have been carried out. The most extensive and reliable German tests 
are those by Jakob and Kretschmer, who measured the flow of air 
through pipes ranging from 4 in. to 40 in. in diameter. These tests 
served to show that k depends not only on the area ratio m, but also on 

Re37iiolds’ number f If, therefore, the values of k are plotted to a 


base of m values, while keeping the Reynolds' numbers constant, a series 
of curves are obtained for the different pipe diameters. Tor a different 
Reynolds’ number, another series of curves is obtained. Jakob’s tests 
covered four such series with Reynolds’ numbers of 50,000, 100,000, 300,000, 
and 500,000. In Fig. 141, the curves for d = 3*94 in. and 394 in. and for 
Reynolds’ numbers 50,000 and 500,000 alone, are shown. 


* Porsch. Arh. No. 311. M. Jakob andFr. Kretschmer. “ Coefficients of discharge 
for standp<r4 nozzles with pipe diameters between 100 and 1000 mm.” 
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A comprehensive set of tests has also been carried out by R. Witte 
in the I. G. Parbenindustrie.* Witte found that the dependence of h on 
the diameter breaks down when Reynolds’ number is below 5 x 10^, 
provided the throttle edge is very sharp and the pipe wall is smooth. 
For diameters above 300 mm., however, the efect of roughness of wall 
surface disappears. Witte obtained the follovdng values of h — 

(a) Throttle Plates. 


m 

- 0-05 

0-1 

0-15 

0-20 

0-25 

0-30 

0-35 

k 

= 0-598 

0-602 

0-608 

0-615 

0-624 

0-634 

0-646 

1)1 

= 0-40 

0-45 

0-50 

0-55 

0-60 

0-65 

0-70 

h 

= 0-660 

0-676 

0-692 

0-717 

0-740 

0-769 

0-807 

G. 

Nozzles. 







■m 

= 0-1 

0-2 

0-3 

0-4 

0-5 




= 0-989 

1-00 

1-017 

1-045 

1-098 





These values are valid for small pressure drops. For larger pressure 
drops equation (271) on page 241 must be used. Witte allowed for this 
by introducing a correction factor C, which has to be multiplied by C^. 
Thus, for the I. G. nozzle, with ni = 0*41 and 

^ = 1-00 0-95 0*90 0-85 0*80 0*75 

Pi 

lie gives C = 1-00 0-964 0*928 0-892 0-856 0-820 

while, for a throttle plate with m = 0*37 and P 2 IT 1 = li® gi'^es 
C == 0*968. For values of m between 0*95 and 0-90, 0 remains constant 
and thereafter decreases till at m = 0*68 it becomes equal to 0*88. 

* Z.V.dJ. ‘‘ Discharge coefficients of nozzles and throttle plates.” 

See also the periodical Tech, Mechanik und Thermodynamik, vol. i. Kq, I (1930). 
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The resulting pressure drop Ap (Fig. 142) is of practical imijortance. 
By reconversion of the velocity T' to pressure, only a portion of the 
pressure drop Pi-p^ is regained. The remainder, i.e. Ap, represents a 
pressure loss. Jakob and Kretschmer’s tests have confirmed a previous 
deduction of Kretschmer’s, namely, that the pressure regained, expressed 
as a fraction of the pressure drop pi-p.,, is equal to the area ratio m. 
SO that 

Ap 

= 1 - m 

Vi-s 

It should again be noted that the points at which the pressures are 
measured must not be chosen at random near the diaphragm, but must 
actually lie in the diaphragm itseK, for which condition alone Fig. Ml 
applies. The reason for this is explained by referring to Fig. 142.=^ In 



A, 0. Muller’s tests the pressures were measured at points ID and 5D 
before and after the diaphragm (D = pipe diameter), so that the pressure 
drop Ap was measured and not The coefficients obtained bv 

^ / 1 

Muller, therefore, are greater than Jakob’s in the ratio of ^ , so 

that, for large values of m, the difference is considerable. Fig. 143 
shows the values of as found by MtiUer. 

A 

Example 8, With D = 3*937 in. and = 0*5, the value of 4, as 

See Mitteilungen der Wdrmestelle Dusseldorf d. Ver. deutsch. EisenhiXtUnleute. 
No. 76, (Ausg. 2, 1928.) H. Jordan. The measurement of gas, \rapour, and liquid 
quantities in foundry work,” 
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shown in Fig. 141, lies between 0-75 (with R — 500,000) and 0-725 (with 
R = 50,000). 


Hence, from equation (304), lies between 3-01 


Pm 


and 


2.91 y-2L^^. If Pi-2h = 3-937'' H. 2 O, Vi lies between and 

Pm ^ Pm Pm 

Hence, for aii- at 14-7 Ib./in ^ abs. and 17° C., which gives = 
0*076 lb./ft.^ Vi lies between 49-3 and 47*6 ft. /sec., and therefore the 
volume == V', lies between 4-17 and 4*03 ft.^/sec., since 


77 X 3-9372 
4 X 


0-0845 ft.2 


For town gas, at atmospheric pressure, with p = 0-031 Ib./ft.^, lies 
between 76*8 and 74-5 ft. /sec. 

As shown on page 280, Reynolds’ number is 

V fi abs. 


where, for air at 17° C., 10’, a abs. = 125-5, so that 


R = 


0-076 X 3*937 x 10 ’ 
12 X 125*5 


= 2000 Fi 


and thus lies between 99,000 and 95,200. On referring to the Jakob 
curve for R = 100,000 we have = 0-73 (instead of 0*75 taken above), 
so that, more closely, 

= 48-1 ft./sec. and V' = 4-07 ft.^/sec. 

Jet deflection and velocities above the acoustic at oblique exit sections 
of a parallel or convergent nozzle* If a gas or vapour, having an initial 
pressure 2 X-, flows through a convergent or parallel nozzle, the exit section 
of which is at right angles to the nozzle axis, into a space where the 
pressure is the velocity through the exit section, as shown on page 244, 
cannot exceed the acoustic velocity F^. This velocity is attained if the 
initial pressure has the value 

y 

Pa (306) 



or any higher value. In the latter case the pressure Pt of the jet where 
it leaves the nozzle is higher than the outer pressure Pa, and is given by 

y 

Pi ( 307 ) 


Due to the further pressure drop Pt cr'^ Pa tends to deflect 

sideways and loses the shape corresponding to the designed nozzle outline 
in Pig. 137. The jet direction, however, as a whole, continues along 
the axis. 
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As opposed to this, however, an important developinoTA !ias recently 
taken place, as a result of practical steam turbire deslyr.. In simple 
non-divergent nozzles it has been found that phenomena occur which are 
only possible with velocities above the acoustic velocity. This apparent 
contradiction is due to the exit section of a steam turbine nozzle being 
cut obliquely, and not at right angles, to the nozzle axis. The conditions 
which determine whether or not the acoustic velocity will be exceeded 
are totally dilfereiit in the two cases. In the exit region of the oblique 
section, i.e. in the space OAE in Fig. 145, a further expansion to a pressure 
below 2h occurs, so that the velocity is capable of rising above 
Actually the conditions of flow in this region are very complicated. They 



can, however, be subjected to a general survey, and even lend themselves, 
to a certain extent, to calculative treatment, if use is made of the 
following case of stream line motion, which has been investigated by 
Prandtl and Th. Meyer.* 

Let a gas having the initial pressure p i flow from a large space along 
a wall which is straight at the exit region (so that the flow is in parallel 
lines) into a second large space in which a constant pressure exists 
(Pig. 144). An overflow occurs at the guide surface along the straight 
sharp edge 0. 

If now is greater than p^ 0 and at all points vertically 

above 0, F = Fg, and the pressure there is equal to the critical pressure 
as given by equation (307). I m mediately to the right of 0 the pressure 
becomes equal to the external pressure This very sudden drop in 
pressure corresponds to a break in the stream line at 0, and the direction 
of this stream line in the outer chamber is inclined at an angle d to the 
direction of the guide. This disturbance at 0 is communicated to ail 
points on the perpendicular OA, since the stream velocity is Ty: if it 
were greater than F^ and equal to F, say, the commencement of the 

* Forsch. Arh. No. 62. Th. Meyer. “ On the two dimensional flow of gas witii 
velocities above the acoustic,” i 
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change of direction for all the stream lines would be given by a straight 
line passing through 0, inclined to the right at the angle a to the direction 
of flow, where y 

sin a — -~ 


a is called “ Mach’s angle.” 

The first case only will be considered here. All the stream lines at 
the points such as C, vertically above 0, change their direction, so that 
from there onwards the distance between them continuously increases. 
A reduction in pressure and increase in velocity accompanies this enlarge- 
ment in a filament bounded by two adjacent stream lines, and the initial 
velocity is equal to the acoustic velocity. Conditions are thus similar 
to those in the diverging portion of a de Laval nozzle. Points of equal 
pressure p lie on straight lines, such as OF, radiating from 0, and the 
pressure becomes equal to the external pressure p^ along the ray OB. 
From here on, all the stream lines are again parallel to each other and 
to the broken stream line through 0, The complete flow is thus deflected 
through the angle a from its original direction. 

On the assumption of adiabatic expansion, as given by the law 

pv^ == constant, 


Th. Meyer found that the polar equation for a stream line, with 0 as 


the pole, is 



(308) 


where Tq = OC and the angle </> = COP. This gives, for example, with 
y = l-40o (gases at moderate temperature), the following values 

cji = 0 30° 60° 90° 120° 

r = 1 1-15 1-77 4-00 12-85 


The relation between <[> and the pressure p along the ray OP is 
expressed by 



By substituting for p in equation (309) the angle at which the 
pressure becomes equal to the external pressure is obtained. The 
direction of flow at this ray is that of the tangent to the stream line at 
B (Fig. 144), so that the angle of deflection can be determined grapliicaUy. 

Denoting the angle between this ray and the perpendicular to the 
direction of flow hj fa gives 

(310) 

90° " is Mach’s angle for the stream velocity at OB, and this velocity 
is given by the adiabatic drop between p^ and p^^. 

Now, Bin (QO-fa) 
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where Fg is the acoustic velocity for the pressure i.e. 

(312) 

This enables to be found, after which <3 is found from equations 
(309) and (310). 

Th. Meyer obtained the following values with y — 1405 

^ = 0 0-01 0-03 0-05 0*1 0-2 0-3 0-4 0-5 0-527 

Pi 

d = 129 ° 19 ' 61 ° 14 ' 48 ° 17 ' 41 ° 15 ' 30 ° 28 ' 17 ° 58 ' 9 ° 52 ' 4 ° 6 ' 0 ° 25 ' 0 ° 

Fig. 144, which is drawn to scale, shows the conditions for = 0-18 
and gives d = 20° and V = 1-7 F^ approximate!}'. 

The transition from this partly free flow to that which occurs in 
closed channels follows immediately by imagining a wall to be introduced 



which follows any stream line such as AB in Fig. 144. The flow con- 
ditions and pressures are unaffected by a wall of this type, so that the 
treatment given above applies to a channel having the lower boundary 
MyO and the upper boundary M^AB. 

The application to oblique chamiels then follows, as shovm in Fig. 145. 
Thus, take the angle of obliquity of the exit section as 22^. We have to 
find whether or not the expansion will proceed to the back pressure 
== 0*3^^-. Draw the Prandtl-Meyer line AB through 4, as given by 

equation (308). With — = 0*3, the corresponding angle of deflection 
P i 

is (5 = 9°52', which gives the direction OB and the point B, although the 
latter is also given by equation (309). If now the upper wall were 
shaped as shown by ABG instead of AE, the pressure at aU points 
along the ray OB would be = 0-3pj-, i.e. the external pressure (with 
F = l-oFg approx.). Actually, however, the area at exit is slightly 
greater, being equal to that shown by OB' instead of OB. As a result 
the expansion ratio will be slightly greater than that given by calculation, 
and the outlet pressure will be reached at some point before Bh In 
addition the pressure distribution will not be given by straight lines, 
and the stream hnes will not be quite parallel. On the whole, however, 
the general conditions are not seriously affected by these differences, 
since they are comparatively small. In particular, the angle of deflection 
19 — (5714) 
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will be found to agree almost completely with that found by calculation.* 
In the case of saturated steam these angles are increased. 


PRESSmE LOSSES Hf PIPES 

When gases or vapours flow in a pipe, a frictional resistance is 
experienced similar to that of a liquid such a.s water. Even if the pipe 
is perfectly uniform, horizontal, and free from bends, valves, or other 
obstructions, friction is still present, so that a continuous drop in pressure 
takes place along the jjipe. If the initial and final pressures are 2h ^3:id 
pa respectively, the pressure drop jq ~ is utilized em-ireiy in overcoming 
the resistance to flow, so that the existing initial velocity may be maintained 
throughout the length of the pipe. This pressure drop is not to be con- 
fused with a nozzle pressure ckop, most of which is used in accelerating 
the flowing substance. 

The resistance to flow depends, to a large extent, on the condition of 
the inner wail surface, and is thins similar to friction between two solids. 
There can be no question, however, of introduc-ing a frictional coefficient 
in the same sense as is used for solids, since flo^diig gaseous substances 
are influenced by friction in a totally different manner and follow quite 
different laws. Even if the walls of a pipe be made as smooth as possible, 
appreciable frictional effects are still experienced. 

In the majority of practical cases, the motion of the whole mass does 
not proceed along parallel streams, but in a sort of rolHng movement 
called turbulence, and the energy required for this accounts for the 
greater part' of the pressure drop. 

If the velocity is reduced below a certain value, it is found that 
turbulence disappears, but even then a certain amount of frictional 
resistance remains, so that a force is stiU required to effect the motion. 
The force necessary to maintain unit relative velocity between two 
planes of unit area, and unit distance apart, is called viscosity {rj), and 
has a definite value for every fluid, including gases and vapours. In the 
case of flow through its action is such that the film at the wall is 

at rest. The fihn r.cxr : thi- one has to shear over it, and this continues 
to the centre of the pipe, where the greatest velocity is attained. This 
only occurs, however, at low velocities and in narrow pipes.f In most 
eases met with in practice, the flow is entirely turbulent and the viscous 
resistance is negligible compared with the force necessary to overcome 
the turbulence. 

No simple calculative method, based on theoretical grounds, can be 
applied to determine the resistance set up by turbulence, but a simple 
type of formula can be deduced, based on the results of experiments. 

The surface area with which a given weight (such as 1 lb.) is in contact, 
(Fig. 146) increases as the diameter of the pipe decreases, so that the 
resistance increases as the diameter decreases. The length of pipe required 

* See Zeitsch f. d* ges Turbimnicesen (1912), page 183. Christlem and Z,V,d.I. 
(1916), H. Baer. Ah'j Z.7.r.7. , I A. Loschge. 

I Regarding the viscosity by means of the fiow through narrow 

pipes, see Forsch. Arb, Xo. 273, Speyerer. “ Viscosity of steam.” See also Forsch. 
Arb. Xo. 75, Ruckes, Tests on the dischcirge of compressed air from capillary 
tuhm and Formh. Arb. Xo. 48, Becker, Flow in circular pipes and its relation 
to Poiseuille’s Law.” 
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per pound of the fluid is Z = -- 

P 



where p is the density of the fluid 


in Ib./ft.^ The corresponding surface area is thus 









1/ 


The resistance to the flow per pound of fluid can be regarded as 
uniformly distributed over the suilace S and acting in the opposite 
direction to the flow. If its value, 
as found by experiment, is F' lb. 
per ft.^ of surface area, then 

4F' 

F = F'S = ^ 

pd 

The work required to overcome 
this resistance, when 1 lb. flows along 
the length Z, is 

■iF'l 

E = FI == 4 . 

pa 

TTCP 

For non-circular cross sections, and ttcI are replaced by *4, the 


i!b, 
FfO. i4G 


(313) 


area, and P, the perimeter, respectively, so that V ■ 
From ■which. 


1 


and.S'' = P/': 


P 


and 


E = 


F'Pl 

pA 


Hence the friction is proportional to the perimeter when the area is 
4Z PI I 

kept constant. In place of -j we now have -j-, or in place of we have 
PI d A d 

il* 

Due to the pressure drop caused by the flow, the volume of 

gases or vapours increases. The work delivered by means of this volume 
increase depends on the course of the pV expansion curve, i.e. on the 
nature of the state change. This work serves to overcome the resistance 
to flow. In the case of small pressure drops, however, the change in state 
is unimportant, so that the expansion work can be neglected, and only 
the work due to the pressure difference need be considered, as in the 
case of liquids. 

This work is given by 

W = {Pi-P2> = 


where v and p are the mean specific volumes and densities respectively. 
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We no’W' liave 


P ' ci 

For circular section?, the retiuired pressure drop is thus 
4F7 

and, for non-circular sections. 

F’Pl 

Here^ F' is tiie resistance per ft.- of swept surface and depends on the 
velocity and nature of tfie iiowing substance, JSince, as mentioned above, 
it depends chiefly on the resistances set up by the internal turbulence of 
the particles, F' will increase approximately as the sc[uare of the velocit}^ 
In addition, F' is proportional to the density p, since, for the same sjjeed, 
the mass flowing over 1 ft.- of the pipe surface depends on p. 

We can thus \mte 


which gives, from the ecpuition above, with the pressures in Ib./in.^, 


Pi- Pi 


d 


• (314) 


In hydraulics, the pressure loss is usually expressed as a head of 
water in feet, so that 


The usual expression for the pressure loss is 


■2gd 


so that 


lu^vn 

d 


4/1 r- 
‘2gd 


which gives 

or ^ ~ 0-!X«j43I/ . 


The work required to overcome the friction is 


. (315) 


(316) 

(317) 


or, with equation (318), 


. ( 318 ) 
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The numerous tests which have been carried out to determine the 
values of f, or for liquids, as well as gases and vapours, show that the 
resistances in pipes or channels are not constant in the usual sense, but 
are functions of F, d, p, the viscosity u, and also, to a large extent, on 
the condition of the swept surface, i.e. whether smooth or rough. For 
this reason it is convenient to consider smooth and rough pipes separately. 
In the former case the influence of the walls can be neglected, so that the 
problem is considerably simplified, since videiy different results are 
obtained vdth varying roughness of wall surface. 

Smooth pipes. In smooth pipes / must be a function of F, d, p, 
and fi. The problem is simplified if p is kept approximately constant, 
as is the case, for example, with water at different temperatures. / is 
then a function of F, d, and p only. In the case of water, for which ii 
changes rapidly with temperature, the influence of viscosity is thus 
predominant, in the case of air, however, at moderate temperature and 
varying pressures, the density p is of importance, since it changes with 
the pressure, while the effect of viscosity is not important, since it is not 
affected by pressure changes and but slightly for fairly vide temperature 
changes. 

If, however, tests on water and air are to be compared with one 
another, all four magnitudes F, d, p, and u must be introduced in the 
expression for /. 

The kinematic viscosity’' v is obtained from the coefficient of 
viscosity by means of the relation 


Hence, in smooth pipes, the only variables which have to be con- 
sidered are F, d, and r, i.e. / is a function of these three magnitudes 
alone, so that 

/=F(F,d,r) (319) 


Now in the fundamental equation (315) the quotient — signifies a 

head in feet, while — is a pure number. Consequently / must also be a 
a 


pure number (or dimensionless magnitude) if the expression on the left 
is to retain the dimension of a length. 

The magnitudes F, d, and v, therefore, in the unknovm function of 
equation (319) must be so arranged that this function (whatever its form) 
still remains a pure number. This will be the case if the magnitudes are 
F(^ * 

written as — , since v has the dimensions ft.- sec. Hence, in place of 

V 

equation (319), we can now write more definitely 


V 


(320) 


as first established by Reynolds. 

This relation expresses the law of similarity for any flow with friction. 


* This is usually known as “Beynolds’ number.” 
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Two or more different gases, vapours, or liquids, flowing in pipes of 
different diameters, with different velocities, only exhibit geometrically or 

draamically similar flow if, in all the pipes, — has the same value. 

If this condition is fiiifllled, the coefficient of friction / has the same 
value in all the pipes, provided they are smooth. If, therefore, the 

values of — are filotted again.st the experimentally determined values 

of /, it follows that the points for water and air, say, lie on a single curve. 
If, however, / is plotted against V, for water and air, two widely 
separated curves are obtained, while if / is plotted for water at different 
temperature, to a base of T values, only a group of scattered points is 
obtained and these do not form a curve. 

Using the numerous test results of the American engineers Saph and 

Yd 

►Sehoder, Blasius*^ demonstrated that a graph of / against — , for water, 


does actually give a single curve for different velocities of flow and 
different temperatures. This curve (a) is shown in Fig. 147. The points 
obtained by Blasiiis from Nusselt’s tests on compressed air also lie on 
this curve. Ombeck'st curve (6) lies very close to this curve and was 
obtained from a large number of tests carried out at pressures varying 
from 1 to 10 atmospheres, and temperatures between 20' and 100° C. 

These curves show that, for increasing values of — ,/ first decreases 

Yd 

very rapidly, but decreases slowly at high values of — . A lower limit 

for / at these high values has, however, not yet been found. The lowest 
measured value, given by Ombeck, is / == 0-0031 or 10*^ = 13-3. Jakob 

Yd 

and Erk later gave slightly higher values in this region. Values of — 

below 2320 need not be considered here, since the turbulent flow then 
ceases and is replaced by the Poiseuille or laminar flow, for which the 
law of resistance is entirely different. J 

For a Revnoids' number of about 3000, / has its highest value of 
= 0-011 and 10"/5 = 47-5. ^ 

As shown by Refolds, a straight line is obtained when log — is 

plotted against log /. Hence the curves a and b are hyperbolas. Ombeck 
gives the following relations, 

f i>*0605 

(W 


or 


260 

Yd 


(322) 


* Z. r.rf.l. page 639, H. Blasius. “ Dynamical similarity in frictional flow.” 

Forsch. Arb. Nos. 158 and 159. H. Ombeck. Pressure losses in air flow.” 

J See Schiller's Fmmh, Arb. No. 348. 
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Stanton and Paimell, however, from later tests gave 


/Fd\-0.35 

/ = O-OOiS - 0*1526 / I 

. (323) 

w^hile Jakob and Erk's* ecpiation is 




f = U *001 78 -f- 0*1526 / ) 

. (324) 


In order to apply these results to a practical case, it is necessary to 
know when a pipe may be regarded as smooth. In addition, the viscosity 
values for air and steam require to be knovn. 

The results obtained by Saph and Schoder refer to dravn brass pipes 
of 3 mm. and o3 mm. diameter, and those of Ombeck to smooth drawn 
brass pipes from 2<j to 40 mm. diameter and a smooth drawm steel pipe 
of 20 mm. diameter. Such pipes, along with drawn lead and copper 
pipes, may be regarded as smooth. A pipe made up of several lengths, 
however, must not be regarded as smooth, particularly when it contains 
a number of bends. Smooth machined short nozzles may be regarded as 
smooth pipes. 

The viscosity u depends on the nature and temperature of the flowing 
fluid. The pressure appears to have but little effect on it when in the 
gaseous or liquid state. In physics a is alw'ays given in absolute units, 
but engineers generally measure F, d. and v in technical or engineers’ 

units. ^ itseff is independent of the units employed, since it is a pure 

number. 

The relation betw^eeii the absolute and technical viscosity values is 
expressed by 


so that 


f^tech 




f^abs 

9 

P-iech 9 

P 


Pab' 

9 


X - 

P 


Pabs 

P 

. Td pTd pVd 

This gives — = - — = — — - ..... (325) 

Pabs 9 Piech 

in which p is in lb. ft.^, T’ in ft. 'sec., and d in ft. This, therefore, enables 

Fd- 

- — to be found for a particular case when Pahs^^ known. The following 

tables give values of air and steam. In the case of steam, no 

difference is shown for saturated and superheated steam, since the value 
depends essentially on the temperature. The second table contains more 
exact values for steam and shows that the \dscosity increases with the 
pressure w'hen the temperature remains constant. 


• ZA\dJ, (1924), page 583. 
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10’ f(ahs VALUES FOR AIR AXD STEA.M 


dais 


Temperature .j 

0" 

10° 

20° 

30° 

40° 

50° 

60° 

70° 

S0° 

90° 

Air . .| 

117-7 

122-4 

126-8 

130-4 

134-1 

137-1 

139-8 

142-5 

145-2 

147-9 

Steam . . ; 

60-51 

63-33 

66-09 

68-91 

71-73 

74-49 

77-31 

SO- 14 

82-96 

85-72 

Temperature . 

100^ 

110° 

120° 

130° 

140° 

150° 

160° 

170° 

180° 

190° 

Air 

150-6 

152-6 

155-2 

157-3 

159-5 

161-7 

163-8 

165-9 

16S-! 

170-2 

Steam . 

88-54 

91-37 

94-12 

96-95 

99-77 

102-5 

105-4 

IfJS-2 

lll-O 

113-S 

Temperature . 

200° 

210° 

220° 

230° 

240° 

250° 

260° 

270° 

280° 

290° 

Air 

172-4 

174-5 

176-7 

178-9 

181-1 

183-3 

1S5-5 

IS7-6 

1S9-9 

192-1 

Steam . 

116-6 

119-4 

122-2 

125-0 

127-8 

130-6 

133-4 

136-2 

139-0 

14I-S 

Temperature . 

300° 

310° 

320° 

330° 

340° 

350 

360° 

370° 

380° 

390= 

Air 

194-3 

196-5 

198-7 

200-8 

203-0 

205-2 

207-3 

209-6 

211-7 

213-9 

Steam . 

144-6 

147-4 

150-2 

153-0 

155-8 

158-7 

161-4 

164-2 

167-i 

169-8 


10' /^ads VALUES FOR SATURATED AND SUPERHEATED STEA^P 


Pressure 
plb./in.“ abs. 

c. 

14-22 

99-1 

2S-44 

119-6 

56-9 ' 

142-9 

85-3 

158-1 : 

113-s 

169-6 

142-2 

179-0 

c. 

84-35 

90-74 

98-66 

104-9 

ilO-9 

118-3 

110 

86-86 

— 

— 

— 

— 

— 

120 

89-36 

90-81 

— ; 

— 

— 

— 

130 

91-87 

93-25 

— 

— 

— 

— 

140 

94-37 

95-69 

— 

— ' 

— 

— 

150 

96-81 

98-13 

100-37 : 

— ; 

— : 

— 

160 

99-32 

100-6 

102-S 1 

105-3 

— 

— 

170 

101-8 

103-1 

105-3 : 

107-7 ’ 

lll-U 

— 

180 

104-3 

105-5 

107-6 

110-1 

113-4 

118-5 

190 

106-8 

108-0 

110-1 

112-5 ; 

115-9 

120-9 

200 

109-3 

110-5 

112-5 

114-9 1 

llS-2 

123-3 

210 

111-9 

112-9 

114-9 

117-4 

120-7 

125-6 

220 

114-3 

115-4 

117-5 

119-S : 

123-1 

12S-1 

230 

116-8 

117-9 

120-0 

122*2 i 

125-4 

130-4 

240 

119-3 

120-4 

122-5 

124-6 

127-9 ; 

132-8 

250 

121-8 

122-9 

124-9 , 

127-1 

130-2 

135-2 

260 

124-3 

125-4 

127*3 : 

129-5 

132-6 

137-6 

270 

126-8 

127-9 

129-8 

132-0 

135-1 

139-9 

280 

129-3 

130-4 

132-2 : 

134-4 i 

137-4 

142-3 

290 

131-8 

132-8 

134-7 j 

136-8 

139-S 

144-6 

300 

134-3 

135-3 

137-1 i 

139*3 

142-3 : 

147-0 

310 

136-8 

137-8 

139-5 i 

141-7 

144-6 ; 

149-3 

320 

139-3 

140-3 

141-9 ! 

144*2 

147-1 i 

151-7 

330 

141-8 

142-8 

144-4 1 

; 146-6 

149-4 

154-1 

340 

144-3 

145-2 

146-9 

149-0 

151-8 i 

156-5 

350 

146-7 

147-7 

149-4 

151-5 

154-3 

158-9 


* From Speyerer, Z.V.d.l. (1925), p- 749. 



282 


TECHNICAL THERMODYNAMICS 


Example 9. Find the coefficient of resistance / when the velocity 
through a straight smooth pipe of 1-965 in. diameter is 131-2 ft. /sec. — 

[a) For air at 20‘ C. and 14*22 Ib./in.^ abs. 

[h] For air at 2Cr C. and 142*2 Ib-.in.^ abs. 

(rj For saturated steam at 142*2 ib._ in.“ abs. 

(d) For saturated st-eam at 1-422 Ib.^in.- abs. 

For all four cases, 

Vd _ _ 131-2 X 1-965 px 

/-Ubs Mabs 


_ 21-45p, 

/^abs 

(a) With p = 0*0728 and = 
Fd 21*45 X 0*0728 

p ~~ 126*8 


126*8 

~j^ 

X 10’ 


, we have 
= 123,800 


so that, from the curve 6 in Fig. 147, / = 0*00451. 

(b) With p — 0-728, ^ = 1,238,000, and hence, from equation (321), 


_ 0*0605 _ 0*0605 

^ 12380000-224 - 23*17 


0*00261 


(c) From steam tables at 142-2 lb. in.- abs., t = 179° C. and p = 0-315. 
so, from the second table of viscosity values, 

_ 118^3 

Tabs ' T["rl7 


SO that 


Vd _ pT^ __ 0*315 X 131*2 X 1*965 X 10’ 
Tabs 118*3 X 12 


= 572,000 


Equation (321) now gives 


/ = 


0-0605 

572000 «- 22 ^ 


0-0605 

19-5 


= 0-0031 


If, in jjlaee of equation (321), equation (323) is used, we have 
/- 0-0018 


■ 5720(X)'’-®® 

0-0018 + 0-00147 == 0-00327 


(d) Here, t = 45-4° C., p = 0-00414, jUai,s = 
0-00414 X 131-2 X 1-965 X 10’ 


73-1 1 

10’ 


that 


Vd 

V 


12 X 73-11 


12,150 
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Equation (321) now gives 


0-0605 


= 0-00737 


or, from equation (324), 

/ = 0-0018 
= 0-0075 


0-1526 

12150 «- 3 " 


Example 10. Find the values of / for a circular nozzle of 0-787 in. 
diameter when saturated steam at 14*22 lb. in.- abs. flows through it at 
328, 984, 1640, and 2296 ft./sec. 

In this case, p ~ 0-0361 Ib./ft.^, t = 99-1, and ii = 84-35. Hence, 
equation (325) gives 

Vd 0-0361 X 0-787 X 10'^ V 


V 

12 

X 84-35 



At 





V = 

328 

984 

1,640 

2,296 

Vd _ 

V 

91,800 

295,400 

459,000 

642,600 

f = 

0-00468 

0-00361 

0-00326 

0-00304 

If steam at 1-422 lb. /in.- 

abs. flows 

through the same nozzle, then 

f = 

0*0074 

0*0058 

0-0052 

0-0047 



Rough pipes. In the cases considered above, it has been assumed 
that the inner surface of the pipes is smooth. Actually, however, most 
pipes cannot be regarded as smooth. The majority of cast-iron pipes 
have a rough surface, while even mild steel pipes cannot be considered as 
smooth, particularly when galvanized or rusty. Welded pipes are also to 
be considered as rough, owing to the uneven surface caused by welding, 
while a row of rivet heads in a riveted pipe is equivalent to excessive 
roughness. 

Every irregularity, such as a projection, indentation, joint, rivet head, 
or rough surface tends to obstruct the flow of the fluid and so increases 
the pipe resistance. A smooth pipe, made up of jointed lengths, has thus 
to be regarded as rough. Fig. 148, which is reproduced from Ombeck's 
measurements, shows the pressure changes in a len^h of pipe in which 
a joint occurs. Due to this joint a local pressure increase occurs. The 
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pressure beyond the joint is raised (in spite of the pressure lost at the 
joint), owing to the diameter being greater than that before the joint. 
In addition, the left-hand pipe was rough w'Mle the other section was 

smooth. 

Hence, for rough pipe.s it is necessary to take account of the degree of 
roughness e in addition to the quantities T, d, and r. It is found by test, 
however, that the influence of e becomes less as the diameter is increased, 

€ 

so that the important factor is which can be called the roughness ratio. 

d 

If now / be plotted to a base of — (as in the case of smooth pipes), 

V 

a single curve is obtained, provided the roughness ratio is constant, no 
matter what substance or state is considered. Thus, in Fig. 147, the 
resistance curve h, from Saph and Schoder's tests on a galvanized pipe of 
0*484 in. diameter, is of this type. The curves g and in the same figure 
refer to galvanized gas pipes of 0-63 in. and 1-05 in. diameter, so that the 
diameters are now' larger but the absolute roughness is the same. The 
resistance coefficients for these pipes now' show' considerable differences 
and are smallest for the largest pipe. This shows, therefore, that the 
€ 

ratio has a marked effect on the results. The same applies to the 

curves c and/, which result from tests on gas pipes of 1-57 in. and 1 in. 
diameter and 65*5 ft. loiig."^ It will be seen that the curve / (diameter 
= 1 in.), w'hich ought to be below' the curve g (diameter = 0*63 in.), 
actually lies above it. It must be remembered, how'ever, that the curve / 
refers to a jointed pipe, while curve g refers to a one-piece pipe. Most of 
this increased resistance in the case of built-up pipes is caused by the 
joints, blit part of it may also be due to differences in the degree of 
roughness. 

Fig. 147 show's also a curve (i)t for a cast-iron pipe of 1-965 in. 
diameter. Based on the diameters alone, this curve should lie below 
the curve c, for w'hich the diameter is I *570. Actually, however, it is 
considerably above it, so that the cast-iron pipe is much rougher than 
the gas pipe, i.e. in spite of its greater diameter the roughness ratio is 
considerably greater. The curve thus shows the marked effect of even 
moderate roughness on the resistance, which, for the curve i (rough 
pipe), is about double that for the curve b (smooth pipe). Roughness in 
small pipes is particularly disadvantageous. Soph and Schader found, 
for example, that / = U*U15 and was practically constant for a gas pipe 
of 0*354 in. diameter. 

Fig. 147 also serves to show that the variation in the value of / for 
rough pipes is relatively small, particularly for large roughness ratios. 
Hence, for these pipes, the velocity and Auscosity are of secondary 
importance, especially at high Reynolds’ numbers. 

Steam pipes. The remarks given above apply also to vapours, such 

* Fotscii, Arh. Xo. 60, A. Fritzsche. “ Tests on flow resistance of gases in 
straight eirciilar pipc^s.’^ Tlie pipes were joined by standard (German) flanges, 
separated by rubber packing 2 mm. thick. Each of the two lengths contained six 
of these joints. The ranges of velocity, pressure, and temperature were : 8*2 to 
190 ft. sec., 2-8a to lo8 ib.in.- abs., and C. to 115° C. respectively. 

f From Iben's tests, which, according to Biel, were carried out with extreme 
care and aceuracy. 
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as steam, ammonia, carbon dioxide, etc., but some reference is necessary 
here regarding tests carried out by Eberie"’^ witli saturated and super- 
heated steam. 

Eberle used a mild steel pipe line 2-75 in. diameter and 102 ft. long, 
having six flanges and two 90'" bends. The steam speeds varied from 
23 to 242 ft. /sec., the pressures from 43 to 142 ib./in.- abs., and the 
temperatures from saturation to 225 and 270' C. respectively* 

As given by Eberle, the value of / in all these tests varied only from 
0*0049 to 0*0054, but no general law relating the variation in / with the 
pressure, velocity, or of superheat could be established. His values of 
/ suggest that the}^ can be regarded as constant over the w'hole explored 
region, both for saturated and superheated steam. 

This constancy appears to be contrary to tlie considerable variation 
in / found by Fritzsche in his tests. If, how'ever, Eberle's values are 
plotted, like the others, to a base of Reynolds' numbers, the apparent 
contradiction disappears. In Fig. 147, Eberle's points are shown, by 
small circles, for saturated steam, and small double cii‘cles, for super- 
heated steam. These show at once that his tests have been carried out 
in a region within 'which / changes but slightly for smooth jilpes and less 
still for rough pipes. A smooth curve drawm tiirougli the points slopes 

Vd 

slightly dowmw^ards to the right, so that / gradually decreases as — 
increases. From the test points at — = 551, blHj and ~ = 656, bOl? (not 

V V 

shown in Fig. 147) it can be assumed that a lower limit to the value of / 
has practically been attained, since values of / at these Reynolds' numbers 
are 0*0051 and 0*0054 respectively. 

Hence, Eberle’s conclusion that / is constant and equal to (>*0052 is 

justified so long as ^ is greater than about 150,000. This is usually the 

case in practice for high pressure steam, so long as the pipe diameter is 
not greatly different from 2*75 in. In the case of vacuum pipes, how'ever. 
Fig. 147 shows that the values of / are considerably greater. 

It wiU be observed that Eberle's curve E forms the continuation of 
Fritzsche’s curve c, although the former is for a pipe having a diameter 
of 2*75 in., while the latter is for a pipe having a diameter of 1*575 in. 
Hence, the one curve completes the other, but the roughness ratio in 
Eberle’s case must be greater than the other, due probabh' to me greater 
number of joints relative to the diameters and to the presence of the two 
bends, -which have the same effect as increased roughness. The curve c can 
thus be applied to a mild steel pipe line of 2*75 in. diameter carrying steam. 

For example, if steam at 0*71 Ib./in.- abs. is exhausted from a turbine, 
through a pipe of 2*75 in. diameter at a speed of 131*2 ft. sec., we have, 

69- 6"^ 

with p = 0*00217 Ib./ft.^ t = 32*5° C. and iii abs. = 


Vd _ pVd _ 0*00217 x 131*2 x 2*75 x 10^ 
^ X 69-62 

so that, from Fig. 147, / = 0*008. 


9370 


* Z.V A J. (1908). Eberle. “Tests on heat and pressure leases in the trans- 

mission of saturated and superheated steam.** 
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Eberle s value of / = U-U052 is nofc valid for diameters other than 
2*75 in. For greater diameters / lies between the curve 6, for smooth 
pipes, and the curve E - c. Ombeck's curve I: refers to a smooth, drawn, 
mild steel pipe, the inner surface of which was roughened with acid. 
Before being roughened, this pipe gave the curve 6. For diameters below 
2*75 in. the higher curve c forms an upper limit, and shows that the 
value of / can be considerably greater than 0-0052. For example, the 
curve / can be used for steam pipes between 1*2 in. and 1-5 in. diameter, 
and curve Ii for steam pipes between 0-6 in. and 0*8 in. diameter. 

Lower limit of / for rough pipes. In the case of a given smooth pipe 
in which a given substance is flowing, / appears to decrease continuously 

as — increases, as is substantiated by equation (321). In the case of 
r 

rough pipes, however, there is a lower limit to the value of /, since, even 
mth high velocities and very large diameters, the resistance to flow 
caused by tlie rough surfaces is never entirely absent. Although this 
appears to be self-evident, it should be remembered that the equations 
given by Fritzsche and Ombeck actually make the values of / decrease 
continuous^ as Reynolds' number increases. Hence, for large Reynolds’ 
numbers, the values of /, as determined from these equations, are too 
low. Biel’s* conclusion that / tends to assume a constant value at some 
lower limit is basically sound, and the equations (323) and (324) sub- 
stantiate this, as, from these, the lower limits for /, even for smooth 
pipes, are 0*0018 and 0*CK}178 respective^. The curves in Fig. 147, for 
rough pipes, have thus horizontal asymptotes at a distance from the 
abscissa axis (as shown by the chain dot lines). 

By’’ means of Biel's collection of a large number of well-selected 
experimental points, the / curves for rough pipes were found to be 
rectangular hy 3 )erbolae, the horizontal axes of which were the asymptotes 

mentioned above. This is almost exact for high values of — , so that 

V 

Fritzsche's curves are given directR by drawing rectangular hy^perbolae. 
Curve E was obtained, for example, in this way. 

In this way the equation of / for rough pipes becomes very simple. 
From the equation of a hyq)erboia we have 



The constants, i.e. c and are easily^ determined from the experi- 
mental curves. The curves for other roughness ratios are, however, 
different, but a fuller discussion, although along somewhat different lines, 
will be found in BieFs work. For most practical cases, Fig. 147 offers a 
sufficient number of points. Owing to the curves having been drawn to 

* Forsck. Arb. Xo. 44, R. Biel. “ Pressure losses in the transmission of liquid 
and gaseous fluids.” This excellent survey of the work then completed, including 
Fritzsche’s and Ombeck’s, deals not only with the difficult problem of rough pipes 
froir. his;.*' but also shows the effect of viscosity by means of the principle 

of dy:Li:.:;d b.l This principle was but little known and applied at that 

time. In a later wurii; ispeeiai edition of Technische Mechanik, des V.d.I. Verlags, 
1925 ), called ‘‘Flow Resistance,” Biel explains the principle of dynamical similarity. 
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a base of Reynolds' numbers, a greater number of experimental results 
are represented than is at first apparent. 

Smooth expansion pipes. Tests were carried out (Fig. 149) by C. 
Bach and R. Stuckle*^ to determine the pressure losses in these pipes, 
when transmitting superheated steam. It was found, as in Eberle's tests, 
on straight pipes, that / was independent of the velocity (between SO 
and 300 ft./sec.) and pressure of the steam. The steam temperatures 
ranged from 350 to 364° C. The folloviing values of / were obtained for 
the different pipes — 

1. Smooth expansion bends (unlagged), 

d = 2-22 in. ^ = 41-8 in. ^ = 42-3 in. i? =12-78 in. r=10-Sm. 
d = 2-28 in. A — 41-5 in. B — 43-6 in. i? = 13-75 in. r = 8*9 in. 


gave / = 0-00872 (varied between 0*00858 and 0*00893). 

2. Rolled expansion bends 

(a) 2-16 in. A = 41-7 in. B = 42-9 in. R = I2-7S in. = 10*8 in. 

gave / = 0*0187 (unlagged) and / = 0*0178 (lagged). 


Another rolled bend with the same A and B values, but having a 
more uniform internal diameter, gave / = 0*0165 to 0*015»8. 

(6) d — 3-94 in. 55-8 in. B — 44-6 in. R ~ 19-1 in. r = 12 in. 


gave / = 0*0241. 

This increased value of /is due to the much smaller 
radius of the bend relative to the pipe diameter. 

The insertion of a rolled expansion bend in a pipe 
line gives the same resistance as that produced in a 
straight length, which is three to five times as long 
as the actual length of the expansion pipe. 

Exponential equations for the pressure loss. In place 
of the usual equation for the pressure loss 


'Pl-P2 = 


4:JlV^p 

29 d 



in which / is a function of V, d, p, and endeavours have been made to 
express the pressure loss by the equation 


Pi-P2 = 


alp^V^ 


which gives the unknown function as 
J- 4^n-l 


since we can write 
Pi-P2 = 


) d 


V- 



P 


From the accvirate tests of Fritzsche it was first shown and later 
confirmed by Ombeek that m < 2, n>l, and g < 1, so that the pressure 

♦ Z.V.d.I. (1913), page 1136 f. 
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loss does not vary as the square of the velocity nor directly as p, and 

depends not only on — but also on the absolute value of d. It should be 

noted, however, tliat tiie values in, ?o and q, for the same pipe, are 
remarkably constant. Fritzsche found m == 1-852, = 1-269, and q == 

0-852. By choosing other experimental values, other exponents are 
obtained, but the differences are not serious. 

Fritzsclie's values give, for air, 

. 0-00402 


with r in ft.'sec., p in lb. ft.^, and d in ft. 

Thus if V = 140-8, p = 0-0728, and d = 0-23, we have / == 0*00518. 
Brabee**' gives the fo!!(A\i!'ig expressions, resulting from his extensive 
tests on hot water pipes with facet joints and diameters ranging from 
0*55 in. to 1-93 in. 

For water at 15 ~ C. 

0-076 

Pl-Pz = 


For water at 70^ C. 

0-059 


in which p is in inches of water, V in ft. sec., d in inches, and L in feet. 
The expressions show the effect of the change in viscosity of the water 
due to the change in temperature. Brabee has applied these results 
successfully to the flow of hot water and steam installations. 

The above methods of determining the coefficients of friction in no 
way alter the modern theory of d\uiamical similarity. 

Special cases of pressure loss. The separate resistances caused in a 
pipe line by obstructions such as valves, cocks, dampers, branches, 
bends, etc., depend to a large extent on the design of these. Tests show, 
in all cases, that these pressure losses increase as the square of the 
velocity, from which it follows that the main factor in causing them is 
turbulence. Hence the pressure loss can be expressed by 


\p 



'll 


From the results of his own and other numerous tests on water, 
Brabee obtained the following values — 

Ordinary valves ^ = 6-5 to 7 

Knees (90* ) ^ = 1*2 to 2 

Bends (90") when r > 5d ^ = 0 

For standard cast-iron bends ^ is about 0-3. 


♦ (1916), page 441. 
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The equivalent length V of pipe follows from 
2gd 


giving V = 


(326) 


and hence depends on the pipe diameter. In Eberle's tests, for example, 
it was found, in the case of a pipe having a diameter of 2-75 in. and 
fitted with a stop valve, that V = 54*8 ft. For a similar valve in a pipe 
5| in. diameter and the same value of f,r = 2 y 54*8 = 109-6 ft. If a 
pipe line contains 7i valves, the equivalent length in the resistance equa- 
tion is I + 7ir, but it is preferable to use the coefficient L 

Examples on air and steam pipe lines. The following problems can 
arise — 

1. To find the pressure drop in a pipe line of given diameter d and 
given length I when the velocitv is F ft. sec. (or the rate of flow is 
Iflb./sec.). 

The pressure drop is given by the sum of the friction loss and losses 
caused by valves, etc., i.e. 


In order to find / from Fig. 147, Re^molds' number has to be found 
from 


Vd _ pVd 

f^abs 


( 328 ) 


jUahs IS reaa from the table on page 281, p calculated frum the given 
conditions, and the pressure drop - p.-> is then calculated from equation 
(327). 

2. To find the diameter of a pipe of given length L when the p^e^su^e 
drop for a given rate of flow IF lb. /sec. is not to exceed a certain value. 

An approximate value for d must first be found from equation (327) 
by assuming a probable value for /. 


From 


TTd^ 

4 


P 


equation (327) gives, when the second term is neglected, 




JIW^ 

b 


{d in ft., Pi and p^ in Ib. ft.-) 


( 329 ) 


( 330 ) 


With this approximate value for d, Ile3molds’ number is found from 
equation (328) and from Fig. 147 this gives the approximate / value. 
If this does not agree with the value of / first assumed, a new value must 
be tried again in equation (330), and, with the new Rejmolds’ number 
thus obtained, / is again tested. If the resistances due to obstructions 
are high, equation (327) must also be checked again. 

20— (5714) 
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3. To find the rate of flow \V lb. sec. through a pipe of diameter d 
and length I when the pressure drop is not to exceed Ib./ft.- 

If a value of / be assumed, a first approximation to F is found from 
equation (327). From this, an approximate value of W is given by 
equation (329). Reynolds* number can now be calculated, from which 
a value of/ is obtained (in Fig. 147), which should agree vith the assumed 
value. If it does not, the process is repeated until agreement is obtained. 

When the pressure loss is considerable, the following should also be 
observed — 

The pressure drop pj - p 2 ^ above examples should be only a 
small fraction of the initial pressure p^. Due to the pressure reduction, an 
increase in the specific volume takes place, so that the velocity at the end 
of the pipe is always greater than that at the beginning. Due to this 
acceleration, there is an additional pressure drop Ap, which, for small 
pressure differences, is found approximately from 


As long as Ap is only a small fraction of (Pi -po) method suffices. 
In pipe lines, however, which are very long compared with their diameters, 
the pressure drop is always considerable. In these cases, it is necessary 
to divide the pipe line into several parts and carry out the calculation 
step by step, or else use the method explained on page 292. 

The resistances due to valves, bends, etc., must, of course, also be 
taken into account. In short pipe lines these resistances are of greater 
relative importance. 

Example 11. An engine, on overload, uses 990 lb. of steam at 300® C. 
and 142-2 lb. in.- abs. per hour. The steam supply pipe is 164 ft. long 
and is fitted with two stop valves. Find the diameter of pipe required 
and the total pressure loss. Allow a steam velocity of about 100 ft. /sec. 

From steam tables, the density is p = 0*245 lb. ft.^ 

The rat-e of flow is 


W 


3600 

Hence, with IF = A Fp 

0*275 


— 0*275 lb. sec. 


we have 
and 


0*01122 ft.2 == 1-618 in.2 


100 X 0-245 

d = 0-1196 ft. = 1*435 in. 

Taking d = 1*5 in. or 0-125 ft. gives F = 92ft./sec. 

If / is assumed to be 0'CH3515, the pressure drop due to friction is 
^ 4 >: 0-00515 X 164 x 0-245 X 92^ 

”■ 2 X 32-2 X 0*125 

= 872 lb. ft.^ = 6*06 lb in.^ 

The pressure drop through the valves is (see page 288) 

2 X 7 X 922 X 0‘24o 


2 X 32-2 


= 452 lb./ft.2 = 3*141b./in.2 
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The total pressure di'op is thus 

Ap = Api + Apg = 9*2 Ib./in.- 
We now have 

~ — 0-24o X 92 X 0-125 x 10" 

y ”” 147 


192,000 


For this value of Reynolds’ number the value of f can be regarded as 
constant and the assumed value is justified (Fig. 147). 

Example 12, Air at 20^ C. and 142-2 Ib./in.^ abs. enters a long mild 
steel pipe of 2-36 in. diameter at a speed of 98-5 ft. sec. Find the pressures 
at 328 ft., 656 ft., and 984 ft. from the inlet end. 

The density of the air at inlet is 

f 14 7 X 293 “ U--261b. 

and the viscosity is (page 281) 

126-8 

Mais ~ JQ7 

. ... Vd pVd 0-726 X 98-0 X 2-36 > 10' 

V 12 X 126-8 

As shown in Fig. 147 the resistance coefficient is practically constant 
in this region and equal to 0-0054, so that the pressure loss in the first 
length (328 ft.) of the pipe is 

4 /LFV 4 X 0-0054 x 328 x 98-52 . o-726 x 12 
2gd ~ 2 X 32-2 > 2-36 


= 1.110.000 


Pi-Pi = 


= 3950 lb./ft.2 = 27-4 Ib./in.^ 

Hence, the pressure at this point is 142-2 ~ 27-4 = 114-S !b. in.- abs., 
the density, assuming the temperature to remain constant. 


0-726 X 114-8 


and the velocity is 


98-5 X 0-726 


= 0*585 lb. ft. 2 


= 122-1 ft. sec. 


Along the second length (328 ft.) the pressure loss is 

4 X 0-0054 X 328 X 122- P x 0-585 X 12 
~ 2 X 32-2 X 2-36 

== 48901b./ft.2 = 341b./m.2 


Since, however, the pressure loss in equal lengths of the same pipe is 
inversely proportional to the density (see equation (330) ), then, alter- 
natively, 

27-4 X 0-726 _ , 

TTHSi = 341b./m.- 



TECHNICAL THERMODYNAMICS 


21^2 


Hence, at the second point, the air pressure is 114*8 -34*0 = 80*8 
ib./in- abs,, the density is 

0*72b 808 

142*2 

and the velocity is 

98*5 /' U-72C 


0*413 ib. ft.3 




0*413 


173*1 ft. sec. 


Along the third length the pressure loss is 
27*4 X 0*726 


Ih P4 


0*413 


48*1 lb. in.2 


so that the final pressure is ~ 80*8 - 48*1 = 32*7 lb. in.^ abs. ; the final 
density is 


0*726 :< 32*7 
142*2 


= 0*167 lb. ft.3 


and the final velocity is 

9S*5_ yMM>’2 
~Z2N 


429 ft. sec. 


Hence, along the last length of the pipe both the pressure loss and the 
velocity are higher than in the other two lengths. 

The works required to accelerate 1 lb. of air in the three lengths are 
as follows — 

First length _ 1 a = 80*8 ft. lb. 

Second lensrth ^ - Ia = 233 ft. lb. 

Third length _ ^^ == 2400 ft. lb. 

2g 2g 


The approximate pressure drop in the third length caused by the 
acceleration work of 24 Ch} ft. lb. is found from equation (331) and amounts 


to 


. 24CH» 

Np = 


P3 Pi 
4 Ib. m.2 


2400 



1 

2 


570 Ib./ft.2 


so that the final pressure will be about 32*7 - 4 = 28*7 lb,/in.^ abs. See 
next section regarding tliis problem. 

Very long pipe lines. In pipe lines which are long compared with 
their diameters, a pressure loss which is a considerable fraction 

of the initial pressure occurs along the length of the pipe. The velocity 
also increases considerably between the initial and final pipe sections, 
so that a considerable part of the pressure drop is required for the work 
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of acceleration. Due to this the equations of the previous section do not 
apply to very long pipes. In ad^tion, a heat exchange usually takes 
place between the flowing fluid and the colder or warmer surroundings. 
In pipe lines which carry steam or hot gases there is always a con- 
siderable heat loss to the surroundings, even when the pipes are well 
lagged. On the other hand, where long pipe lines convey gases having 
the same temperature as the surroundings, as, for example, pipe lines for 
town gas, the temperature near the end of the pipe would he low^er than 
that of the surroundings (due to the considerable pressure drop), were it 
not for the heat flow from the surroundings through the imlagged wuiils. 
In shorter pipe lines, in which the pressure drop is considerable, and 
through which the gases flow with a high velocity, so that the heat flow' 
is reduced, the temperature drop in certain cases is considerable and the 
conditions of flow are totally different from those of long pipes under usual 
conditions. It will thus be recognized that there are two limiting cases 
for long pipes. 

1. Rpe lines in which the temperature remains practicail}*- constant 
(i.e. isothermal flow^). Gas mains belong to this class. 

2. Pipe lines in which no heat exchange occurs with the surroundings 
(i.e. adiabatic flow). 

Long pipes in which the flow is isothermaL Under steady conditions 
the weight flowing per second through every section is 





. (332) 


W = ApJ\ = ApV = ApJ, 


. (333) 


This gives id = L = il? . . (334) 

V 

' (335) 


For gases at constant temperature 

. 1336) 

so that L = . (337) 

P, I'l p 

or P' = • (,33h) 

P 

The pressure loss along an element, of length dl, of the pipe is, from 
equation (314), 


This, along with equations (337) and (338), gives 

2gd 


so that I dp® = 


2gd 
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and, integrating between the limits and gi 

from which 


■2gd 


2g RT,, 


(339) 

(340) 


when — is replaced by 5 ^ 
Pi ~ -“i 1 

The pressure drop is thus 




(341) 


S T" “ 

When the expression - - p^p ^ is small compared -with. 1 , this expression 


2gET,d 

becomes the same as the usual equation for the pressure loss, namely 


2gd 


(342) 


The above deduction holds provided / is constant throughout the 

pipe. This is actuallv the case, since Ile\molds’ number — ^ 

remains constant. This follovrs, since pV, d, and T (and hence jUai^s) 
have the same values throughout. 

Example 13. In the case of Example 12 , find the pressures if the 
flow is assumed to be isothermal. 

Here the pressure at the end of the first length is, from equation (341). 
^>2 = 1 - 


8 X 0-0054 X 328 X 98-52 x 12 
2 X 32-2 X 96-3 x 293 x 2-36 


= Pi vb*6i5 = 0-783pi 

so that for = 142-5, = 111*5, and Pi-p^ == 30-7 ib./in.^ 

Working out the pressure drop in the same way with L = 656 ft. 
gives P 2 = 0*479pi = 69-2 lb. in.^ abs. against 80*81b. in .2 abs. obtained 
in example 12 . 

If the pressure drop be worked out for the whole length of the pipe 
(9S4 ft.) the expression under the root sign in equation (340) is found to 
be negative, which means that the initial pressure of 142-2 Ib./in.^ abs. 
drops to atmospheric pressure before the air reaches the end of the pipe. 
Since cannot drop below atmospheric pressure, when the pipe discharges 
to atmosphere, the limiting value of the initial velocity is given by 
equat:-:-;: .24^ . i.e. 


14-' 


142-2 


8 X 0-0054 X 984 X 12 
“ 96-3 X 293 X 2-36 X 2 x 32-2 


which gives F = 91*1 ft. 'sec. 

So that, if the inlet velocity is 91-1 ft./sec. the pressure at outlet will 
be atmospheric. 
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Example 14. A gas main 7-45 miles long and 5-90 in. diameter is to 
deliver gas at 14-96 Ib./in.^ abs. and 17° C. Find the volume of gas 
discharged per hour (at the outlet state) if the velocity at outietr is 
103 ft./sec. Find also the necessary pressure of the gas at inlet to the 
main. Take the gas density at outlet as 0-0393 lb. ft.® 

Volume discharged per hour = | 103 X 3600 = 705,000 ft.® 

at 14-96 lb. /in.® abs. and 17° C. 

The resistance of the pipe line is found from Fig. 147 when Rejmolds’ 
number is determined. For air, this would be 


Vd 


p Vd 0-0393 X 103 x 5-9 x 10" 

P'abs 1^ ^ 12o-5 


= 158,700 


V 

As given by Biel, we have = 

^air 

^ . 158700 

town gas IS == 115,600. 

I’OO 


1>38 
1 ’ 


so that Reynolds' number for 


For a smooth pipe, Fig. 147 gives / = 0-0045 at this Reynolds' 
number. Since, however, a main of this length will have a considerable 
number of bends, a somewhat higher value, say 0*005, is required. From 
an equation given by Biel, 

^ 0-0195 * 


where Q is the flow of gas in ft.^/hour. This gives / = 0*CM)4 S.t 
E quation (339) can be written as 


„ 2 __ 

■I’® 2P 


SO that 


= 14*96^ + 


8 X 0-005 X 7*45 X 5280 X 0-0393 X 14-96 :< 103- X 12 


64-4 X 5-9 X 144 


hence, 


= 14*962 + 2150 
= 2373 

= 48*6 lb./in.2 abs. 


* Taken from H. Kappers Handbuch der Brennstqfftecr^r 'd: T,rs::.. . 

f Guman’s work on “ The determination of the friction r-roxTirlh in l . -iiatjrr.Fe 
gas mains,” will be found in Z.V.d.1. (1930), page 107. From extensive tests on 
two Romanian mineral gas pipe lines, 25*2 nules and 3-32 miles long and each 

10 in. diameter, Guman found the value of / to be 0- 00-41 for — = 980,000 and 

0*0041 for — = 1,460,000. These values of/include the effects due to the resistances 

V 

caused hy valves, water separators, and bends. The gas analysis showed over 
99% methane. The absolute viscosity was assumed to be = 67*3 x 10"’’ 
at 0® C. The daily variations in temperature at the end of the pi|^ were very small. 
During the six months in which observations were made the limits of temperature 
were - 5*2^ C. and 13*5° C. 



296 


TECHNICAL THERMOD YNAMIG8 


Long pipe lines with adiabatic flow. During the complete flow from 
A to B (Fig. 150) heat Ls neither supplied to, nor rejected from, the 
flowing substance. For frictionless flow this means that the change in 
.state of gases (and superheated steam) is expressed by the law 

= coiLstant ....... (343) 

Since, however, heat is developed in the substance itself, due to flow 
resistance, the temperature and volume, for a given pressure, are higher 
than those obtained from equation (343), and the state curve on the 
pv field therefore lies above that given by this equation. It is accordingly 
necessary to find the actual law of the change of state. 



Fundamental equations. Under steady conditions the equation of 
continuity gives 


A\\ _ _ A]\ 


■ (344) 


so that 


and 


r V 
r _ IT Fi 


(345) 

(346) 


A second relationship i.s supplied by the energy equation for adiabatic 
flow with friction (see page 311), according to which the increase in 
energy during flow is equal to the reduction in total heat, 



which, with equations (344) and (345), gives 



(348) 

(349) 
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In equation (348), the only variables are v and k, so that it enables the 
nature of the state change in flow through a uniform pipe to be eom- 
pletely determined. The equation applies to any fluid substance (such 
as gases, superheated steam, and saturated steam). 


CHANGE OF STATE OF FLOWING GASES. LIMITING 
PRESSURES AND VELOCITIES 

The nature of the change of state expressed by equation (348) i> 
more easily followed if h is expressed in terms of p and r. For gases 
which obey the la-w 

2)v = RT ........ (SoO) 

we have h^-h ^ T) ...... (351) 

1 y 

or h^-h = j (Pdi-pO .... (352) 


This also applies approximately to superheated steam. Squaring 

y — 1 

equation (346) and multiplying by — gives 


_ yzJ 

2gy 1.4 2gy 


'^07 


(353) 


so that 


Tr\2 1 by 

a) ^ 2g y-l 


Inserting this value in equation (348), and equating to f352), gives 


or 


or 


pv + bv^ = pii\ + bvp 
v(p + hv) — constant . 


(354} 
(3o5 ) 


This is the law of the state change expressed in terms of the pressure 
and specific volume. As shown by equation (353), the quantity h varies 
with the rate of flow IF or with the initial velocity 1"^, so that the change 
of state in the pipe also depends on these. 

If equation (355) be written in the form 

pv [ I + = constant 


and substituting 


we have 


— - — for as given bv equation (353), 

2g'y pvp 

] = constant 


Now gypv is equal to the square of the acoustic velocity, i.e. to I ^ 

so that pv\l + j = coxistant 
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The change of state is thus expressed approximately by a rectangular 
hyperbola (i.e. an isothermal), so long as the velocity 7 is small com- 
pared with the acoustic velocity. For example, if F = 0-1 7^ (i.e. 7 = 
100 to 130 ft. sec. for air at moderate temperatures) and 7 = 1-4, 

we have = 0-002 

whicli is small compared vnih L 



pV = 0, 102-4, 204-8, 410 lb. sec. ft.^ 

These refer to air at 142 lb. in.^ abs. and 300^ C. abs. The state curve 
ABC cuts the abscissa axis, since the volume has a finite value at = 0, 
as shown by equation (354). This, however, means that where the 
pressure drops to absolute zero, the volume is still finite, which is 
impossible. Actually the curve loses its significance at an earlier point 
in the expansion. The limiting case of adiabatic flow with friction is 
that in which the friction is reduced to zero. The change of state is then 
expressed by = constant. With friction the state curve can only lie 
above this curve, since the part- of the flow energy required to overcome 
the resistances is converted to heat, and is equivalent to a supply of heat 
to the flowing substance (see page 310). Hence, as soon as the slope of 
any of the state curves in Fig. 151 becomes the same as that of the 
adiabatic the curve loses ite physical significance. 
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This is also expressed by stating that, •when flow is accompanied by 
friction, the entropy increases in the direction of flow. The equation of 
state ceases to be valid beyond the point at which it first shows a decrease 
in the value of the entropy, i.e. where = 0, or the change of state 
becomes an adiabatic. Fig. 153 shows the change of state on the 
field for air at 142 Ib./in.^ abs. and 90° C. This limiting point on the 
state curve is obtained as follows — 

The slope of the adiabatic curve — C is 

dp p 

rv=-'y-v 


The slope of the actual state curve is found by differentiating equation 
(354), which can be written as 


P 


pj^v^ + 


- bv 


. (356) 


This gives 

# PiVi + W f, 

dv 


. (357) 


Equating this to the slope of the adiabatic curve gives the limiting 
values of volume and pressure, i.e. Vi and Thus 


..fi + W , U 

y — — ^ r ^ • 

which, along with equation (356), gives 

.,2 „ r-L 


b(y + 1) 


(PWi + bvj^) . 


(358) 


(359) 


If the value of b, as given by equation (353), be inserted in this, along 
with the substitution gypp^i = Vai> then 




(360) 


This enables the maximum possible volume expansion ratio to be 
determined. Its value is reduced as the initial velocity Tq in the pipe 
approaches the acoustic velocity Vai for the initial state. When Vi=J\i 

we have — = 1, so that no volumetric expansion is possible. If J\ is 

greater than Vai, compression only is possible. 

Equations (356) and (358) give the limiting pressure ratio as 


Pi 


y + 1 ^ 7 + 1 


Ii V 
yJ 


(361) 


while equations (360) and (346) give the limiting velocity T’ j at discharge 


Vi^ 


y + 1 


Val^ + 


y + 1 




(362) 
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The limiting points, as found by equations (358) and (361), are shown 
on the different state curves in Fig. 151. The lower dotted portions 
have thus no signficance. 

In addition, the values of — have been plotted in Fig. 152 to a base 

Pi 

of values. This shows that the pressure at the outlet section can 

^ al 

drop to any arbitral}’ small fraction of the initial pressure, provided T\ 
is small and the pipe long enough. A uniform-bore pipe is thus different 
from a short frictionless nozzle in which the throat pressure cannot drop 
below a value which is slightly more than half the initial pressure. 
If the outlet pressure uniform pipe is less than the limiting 



Fig. 152 


pressure the pressure at the exit section is equal to so that in this 
case the conditions are similar to a simple (i.e. convergent or parallel) 
nozzle. 


The velocitv ratios are also plotted in Fig. 152. Equation (362) 
^ u Y 

shows that, with values of jA- in the neighbourhood of zero, i.e. for a 

^ al 

very long pipe with a low initial velocity, the discharge velocity cannot 
exceed the value 


T'<=y(,Tll)nr .(363) 

even when the pressure differences are high. This means that the discharge 
velocity cannot !>e quite so high as the acoustic velocity referred to the 

inlet state. 

From equations (361) and (362), along with 
= V 


and 

we have 


= y 


. (364) 
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i.e. the velocity at outlet from a uniform pipe camiot exceed the acoustic 
velocity of the gas referred to the outlet state. 

The maximum heat drop convertible to kinetic energv is, from 
equations (347) and (363), 

T— (365) 


The friction work per pound q.h.u. ^ 7 ? 

of gas flowing in a cylindrical 
pipe is, from equation (318), ^ V I 


/’ 

Fig. 153 


If F is changing continu- / I f Jl 

ously, this equation is only 4 ^ 

valid for an element dl of the |/ / 

pipe, so that 

dE, = • (366) Fig. 15^ 

As shovui on page 277, / is not constant but a function of — or - - 
and also depends on the roughness of the pipe. 

When conditions are steady, however, in a uniform pipe, pV is con- 
stant, so that / will then be a function of /u alone. In the ease of gases, 
jx is independent of p and v and depends only on the temperature, with 
which it changes but slowly. If, therefore, the temperature changes along 
a pipe are not considerable, /li, and therefore /, are almost constant, 
particularly at high Re^uiolds’ numbers. The values of / for particular 
cases can be found from page 279. 

As shown on page 309, we have, for adiabatic flow with friction. 


-vdp =d'x — \-dEf . . . . . . (367) 

which, with equation (366), gives 

+ ,36S, 

^ 2g 2g d 

In this expression the pressure can be replaced by the volume from 
equation (354), and the velocity by the volume from equation (345), 
so that 

/ , L ON r fy + l\ dv , 4:f b y dl 

+ = ■ • - 1369 ) 

Integrating between the limits v and and 0 and Z, gives 

- Hn”. + (p - * (^) *»8- ^ ^ 


7-1 


4/Z _ 7-1 
d 27 


l + P 

bi\ 


1 , i> 
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This expression, along with equations (345) and (353), also gives 




ri 

in 


-2*303 


y 


Equation (370) enables the volume ratio — to be found, while 

V 

equation (371) gives the velocity ratio , which is also equal to the 

i'l 

volume ratio. Both these values occur at the distance I along the pipe. 
y V 

The ratios as given bv equation (371), have been plotted in 

hi " 4:fi 

Fig. 154 against the corresponding values of Each cuiwe corresponds 

to a given initial velocity (expressed as a fraction of the acoustic velocity 
Fax), thus corresponds to a definite rate of flow IF lb. /sec., which 

W 


also depends on the initial volume as shown by = pV = The 

abscissae values indicate how the velocity and specific volume increase 
along the pipe with different initial velocities. The absolute length I, 

4f / 

which corresponds to a definite value of depends not only on d 

but also on /. Thus if / = 0*0075, then, for a pipe of 2 in. diameter and 

4 f ? 20 

.J ^ 20 we have I = . = 111 ft. 

d ' 4 X 0*007o X 12 

If the pipe conveys air at an initial temperature of 20"^ C., then 
VaT = 97 RT^ = 32*2 X 1*4 X 96*3 x 293 = 1,270,000, so that F^i = 
1127 ft. sec. With Fi = 0*lFai we have F^ = 112*7 fh/sec,, and the 

-=M9. 


L 


velocity ratio at the end of the pipe, as given by Fig. 154, is 

If, in the same pipe, the initial velocity be increased to — 0*15 

F V 

= 169 ft., sec., the velocity ratio at the end becomes — = — = 1-7. 


T 




The curves flatten out as — increases and attain a maximum value of 


IfTj 


T 


F 


This is found by difierentiating equation (371) with respect to -y~> 


and is the value of 


V Y 

~ or ^ in equations (370) or (371). 

i\ I' t 


obtained by inserting the limiting values for 


This gives 

m 


i 

log U 


- 1 


2-303 


y + 1 ) 

2y 5 


y 




(372) 


W 


Hence in a pipe of diameter d an initial velocity F^ (or rate of flow 
is only possible up to a definite limiting value of l^ax- The pressure 
ratio ^ ^ then such that the final velocity, as shown by equation 
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(362), approaches the acoustic velocitj' at the initial conditioi 
above example, where = 0-1 Tax, the maximum value of 

so that = 1 2 X O-OOTo "" " 

we have ( — 28 and = lo5-5 ft. 


155 5 ft. 


5 v^v. ^ 


L=3d>0Ft 


LpSO^ft 



no\ 1=1000 ft 


Fig. 154 


As shown in Fig. 152, the final velocity ratio for both cases is about 

0-91, so that = 0-91 Ffli = 1024 ft./sec. The pressure ratios 

in the two cases are 0*085 and 0*125 respectively. The rates of flow 
W Ib./sec., corresponding to the velocities == 0*1 and J\ = O-lSF^p 
are also the ruaximuin amounts which can flow through a pipe of this 
diameter, and no increase in W can be obtained by reducing the back 
pressure at the end of the pipe. 
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From equations (353) and (354) the relation between the pressure 
ratios and the volume ratios is given b}" 


The values of ~ have been plotted against the —E values on the 

F, ^ 

right of Fig. 154. For a given value of the corresponding value of 

4 f / 'P 

was found from equation (371) and the value of™ from equation 

(373). In this wa}’ the pressure changes along a pipe, in which the initial 
velocity is knovni, can be found. The curves again give a maximum 
4/Z 

value of at which the smallest possible value of the end pressure 

‘Pi is obtained- If the pipe length be increased, the rate of flow can 
no longer be maintained. 

Where - is small compared vith ^ , the pressure changes can 

be regarded as a linear function of the length. Thus, if Fj = OTFaj, 

4 fl 

this applies for values of between 0 and 20, if Fj = 0-15 F^i for 
4 f / ^ 

values of between 0 and 10, and if F^ = 0-2 F^i for values of 
4// 

between 0 and 5. Beyond these lengths the pressure falls more 
rapidly, especially near the ends. 

Approximate equations. In the numerical calculation of the values 
4f / 

of as given bv equation (371), it will be observed that, for small 

a p 

values of j )- , the second (logarithmic) term does not seriously affect the 

* al 


First' term 


O-loF 

al5 ^ 

'e hav 

e the 

following results- 

1-1 

1*2 

1*5 

2 

3 

4 

5'3'2 

9-75 

17-7 

23-9 

28-4 

29-9 31-3 

(M6 

0-31 

0-69 

M9 

1-9 

2-4 3-7 

5*36 

9*44 

17-01 

22-71 

26-5 

27-5 27-6 


The values of 4/Z fl are in this case, therefore, mainl}" dependent on 
the first term. Hence, by neglecting the second term, an approximate 
equation is obtained which can be regarded as valid for pipes having 
initial velocities between F^ = 0 and = 0*15 % 200 ft. /sec. when 

T al = ft. sec. If, further, the value which is small compared 

with /--~A , he omitted in equation (371), the equation becomes 


. (374) 
. (375) 


r 

r V‘ 



FLOW OF GASES 

In flow of this type we can also assume, that 
jw == so that with ^ 

V I- 
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Pi 


= /i_izZLh 

dT'V 


(376) 


Substituting the value g y for T’^i- gives the pressure drop as 


Pi 




(371 


which is the same as equation (341). 

Finally, if the second term under the root sign is small compared 
'^dth 1, we have 

4/Z 17 

= W^i 

which is the usual expression for the pressure loss in pipes. 

The changes in pressure and volume, as given by these approximate 
equations, are also shown in Fig. 154. Equation (378) applies only 

4fZ 

within a limited range of values, but equation (377) shows close 

agreement to the correct values throughout. 

Example 15. Find the pressures in the pipe of Example ill if the 
flow is adiabatic instead of isothermal. 

The acoustic velocity under the initial conditions is 


Hence 


Fig. 154 shows |^for ^ 
Afl 


Va=V9vRT, 

h. - 

Val ~ 1126 

= 0-1 j 


1126 ft. see. 
0-0875 


that the usual equation (378) is only valid 


for values of up to about 30, while equation (377) is valid for 
values up to about 60. Now, wdth / = 0*0055, we have 
4/Z _ 4 X 0-0055 X 12L 


d 


2*36 


hence, with 


I 


= 328 

= 36*7 


656 

73*5 


0 

984 ft. 
110 


Equation (377) is thus applicable to the first length of the pipe but 
not to the second and third lengths. 

The smallest possible final pressure pi is about 0*07 = 10 Ib./in.^ 

abs., as given by equation (12) or by Fig. 154, and the final velocity is 

then the same as the acoustic velocity. The value of at this point 


ai— (5714) 
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is higher than 70, as shown in Fig. 154, but is given more closely by 
equation (372) as = 92*9 - 4*0 = 88*9. This shows that in 

\ / in nx 

the pipe length of 9S4ft., for which = HOT, it is not possible for 

the initial velocity to be 98-5 ft./sec. This velocity applies only to a 
length which is not more than 656 ft., but the pressure loss for 656 ft. 
is very high. 

From the approximate equation (376), we have 


so that for 
we have 

or 



For the case in which = OTF^ji = 112-6 ft./sec. the result can be 
found directly in Fig. 154. This shows that the length 656 ft. is too 
long, while for 328 ft. the final pressure would be 0-68pi = 0-68 X 142-2 
= 97 lb. in.- abs. 

The conditions are improved when a smaller initial velocity, i.e. a 
smaller rate of flow% is adopted. Thus, with l\ = 0-075 Fqi = 84 ft./sec. 
Fig, 154 gives, with 

/ = 32S C56 984 ft. 

p == 120 92 45-5 lb. in.2 abs. 

The pressure drop is still high, however, and it is only when the 
initial velocity is reduced to F^ = 0*05 F^^i = 56-3 ft./sec. that the pressure 
drop becomes reasonable and equal to 35-6 lb. in.^ abs., as showm by 
Fig. 154. 

Loss of available work due to friction.* In order to overcome the 
resistances experienced in any kind of flow' (i.e. uniform, accelerated, or 
retarded) a quantity of work must be supplied at the expense either of 
the energy in the substance itself, or from some external source. 

In the case of flow in uniform pipes, the pressure of the gas or vapour 
is reduced by friction. Thus the available work of the steam at the end 
of a long pipe is less than that at the boiler. 

Again, in the ease of accelerated flow through a nozzle, the steam 
velocity is reduced owing to friction, so that the actual work dehvered 
at the turbine is less than the ideal wmrk as given by the pressure drop 
and shape of the blades. The efficiency of the turbine is thus less than 
that of the ideal frictionless turbine. 

As a result of flow resistances, the work required to compress air in 
turbo- blowws is considerably greater than that corresponding to the 
statical pressure difference. 

* See tlie general principles regarding irreversible flow as outlined on pages 
200 to 228. 
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111 all these cases, the work i‘e<|uire(i to overe(»iiie the is 

converted to heat and is returned as such to the suijstaiice, Heni-e rifi 
loss of energy occurs, so long as the heat generated is prevented frraii 
escaping by radiation or conduction, but the available work, in the ease 
of the turbine, is reduced, while the work necessary for compression in 
the case of the turbo-blower is increased. 

In the case of liquids, the whole of the heat developed by friction 
must be regarded as a loss of energy. In a water turbine, for 'e.t ample, 
the available work of the water, which is slightly increased in temperature 
by friction, is always reduced owing to the pressure loss. The same 
applies to rotary pumps, as the mechanical equivalent of the heat 
developed by friction means a considerable demand on the shaft power. 

Conditions are different, however, when the working substance is a 
gas or vapour. Thus, Trhen steam flows through a nozzle, friction heat 
is developed at the expense of part of the kinetic energ}* of flow. This 
heat remains in the steam and serves to increase the teniperature and 
volume of superheated steam, or increase the drniess fraction of wet 
steam. In both cases the available work is increased, although the 
increase is less than that corresponding to the conversion by friction from 
kinetic energy to heat. In this respect, therefore, steam turbines are 
more efficient than tvater turbines. 

The air temperature in turbo-blowers is higher tliiin that given by 
adiabatic frictionless compression. This causes an increase in the volume 
of the air, i.e. for the same pressure ratio the volume ratio is reduced, so 
that an increase in shaft power is necessary, which must be regarded as a 
direct loss, even though the energy remains in the compressed air. As 
opposed to the turbine this heating of the working substance is not oniy 
useless but entails a supply of additional energy. The total driving work 
is greater than the shaft and frictional work owing to the ad<iitional 
work caused by the volume increase. 

Relation between the frictional work and loss of available work. 
In the previous section it is shown that, as opposed to liquids, the work 
required to overcome friction in the case of gases and vapours is not 
necessarily the same as the loss of available work. Hence, in determining 
the losses, it is necessary to find the relationship between the friction 
work and the loss in the flow energy - 

If, during the accelerating period (i.e. between inlet to, and outlet 
from, a nozzle or channel), the change of state were adiabatic and 
unaccompanied by friction, the relation between the pressure and volume 
is expressed by 


The state line would be the usual adiabatic curve AB' (Fig. 155). 
Due to friction, however, the flowing substance is heated, so that the 
drop in temperature corresponding to the pressure drop is not so great 
as in frictionless adiabatic flow. This higher temperature means an 
increase in the volume above that shown by adiabatic expansion for the 
same pressure drop. The actual pressure- volume curve thus lies above 
the adiabatic. This also applies to vapours. If the vapour is wet its 
temperature remains constant at a given pressure, whether or not the 
flow is frictionless, but the heat developed by friction evaporates some 
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of the moisture and thus increases the volume. Hence, in the case of 
nozzles and turbine channels, the state curve alwa 3 ^s lies above the 
adiabatic, and, due to the increase in volume, the nozzle and blade 
channel cross-sectional areas are greater than would be the case with 
frictionless adiabatic flow. This is of particular importance in the low 
pressure stages. 

The discharge velocity Fq for frictionless flow can be determined from 
the area AB'CD = E^ below^ the adiabatic, since 


In the actual case the work area ABCD is greater than the ideal. 
In spite of this, however, the actual discharge velocity V must be less 



than T"o, since friction is bound to reduce the velocity. Hence the area 
ABCD = E must cover not only the accelerating work E^ but also the 
friction work so that 


Denoting the area ABB' hj gives 
E = E^ + E, 
so that En E. = 4- E„ 

or with 


and 


r\^dp 

Jt\ 




E^ 


we have 


. (379) 
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For an elementary change in state this gives 


This equation now replaces equation (231) when the flow is accom- 
panied with friction. 

The work of acceleration is thus 

Ea^ E,-{E^-E,) (8S1) 

If now E^ > E„^ i.e. the total friction work is greater than the work 
regained by the increase in volume, then E^ < as must he the case if 
F is to be less than The 
loss in the energy of flow is 

now E^ = E^-E^ and its , 

fractional value, called the | 

coefficient of resistance (see V ‘ A” 

page 254) is ^ 


The actual kinetic energy 
at discharge is found from 
72 

= A- = Er.-IE 
which gives 


fhr 



If the actual state curve 
AB is known, the frictional 
work E^ must be found, 
since Eq and E ^ alone are 


I For Gases j— ^ 
Use fa J yjopk 

I ■ : X FFJ- 


given in Fig. 155. It is only < M ' M 

in this way that ^ can be " F" j 

found. On the other hand, O 

if ^ be given, the true final Fig. 155 

state can be determined. 

The simplest solution is offered by means of the entropy diagram. 
The apparent amount of heat added during the actual change of state 
can be determined by transferring the true state line AB in Fig. 155 to 
the temperature-entropy field. If A^Bi is the eoiresponding state curve 
in this field, the area AiBiEiFj^ represents the heat added. 

Since no heat is supplied from outside, this heat can only be the 
friction heat AE^, so that the area AiB^EiFi (Fig. 156) represents the 
total work of friction in C.H.U. 

The loss of work is less than E^ and equals since the part 

on the pressure diagram is regained, due to the frictional reheat. 

This work E^. can also be represented by an area on the entropy 
diagram. In this field the curve JIijBi corresponds to AB on the pv field 
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and AiB\ to the adiabatic curve AB' . By drawing in the constant 
pressure line for (this is a horizontal for saturated vapours) through 
B\ and the line B\B^ corresponds to B'B on the pv field. The area 
p which corresponds to the work area ABB' = E^, is equivalent 
to in heat units. Hence the part AE^ of the friction heat reconverted 
to kinetic energy is represented by the triangular area A^BJB'-^ in Fig. 156. 

The lost friction work finally contained in the flowing substance as 
heat is thus equal to the area B^B\F^E^. This quantity of heat, however, 
is also equal to the heat which would be necessary to raise the tem- 
perature from f 2 adiabatic) to the actual temperature 

w^hile the pressure remains constant, so that for gases and vapours it is 

given by (c J,,, (^2 “ Q- 

Hence, in order to find the lost work or the resistance coefficient ^ it 
is sufficient to locate the points A^ and whereas the curve A-^B^ must 
be known if the complete frictional work is to be determined. Conversely, 
the point B^ can be located when the fractional loss ^ is known. 

Thus, for gases and superheated steam, 

A^CE, ^c,{T,-T',) 

so that c ^ ^ (384) 

AEq 

and, for gases having constant specific heat, 

AEoC = c^{T^-T\) 

so that i 

Hence ^ can be found wffien the initial temperature the final 
adiabatic temperature T'o, and the final actual temperature T^ are 
known. The value of Tn depends on the amount of friction. 

In the case of superheated steam it is preferable to use the total 
heats, .since changes very rapidly near the saturation state. The 

total heats are given directly in steam tables. We then have A 
= }i 2 - h ' 2 and AEq = /q - so that 



(386) 


where ^ ^ is the adiabatic heat drop between the initial and final pressure 
(see page 461). 

These relations show that 4 is determined from the initial and final 
states, or if ^ is known, the final state can be determined. Generally the 
final volume is required in order to determine the necessary cross- 
sectional exit area. 

Eq[uation of flow. The most general form of the equation of flow, 
which is applicable to any substance and any type of flow in which heat 
is neither supplied nor rejected, is found from the above relations as 

follows. In equation (383) 
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3il 

the loss is given by the difference in total heats l)etween the actual 
and adiabatic final states, or 


The adiabatic heat drop AEg is given by the difference in total heats 
before and after adiabatic expansion, or 

AEo = h-h'. 

AV^ 


hence 


2? 


Ihcf 


(387) 


The actual kinetic energy at discharge is thus equal to the difference 
in total heats between the initial and actual final states. 


If the flow commences with an initial velocity’ T'o, then 


2? ■ 


2g ~ ° ^ 

SO that, for an elementary change, 


(3SS) 


= (3S9| 

In the case of gases the loss of available work and the acceleration 
work can be represented on the pv diagram (Fig. 155) also. Thus the 
loss of available work is == 1400 [’l\~ T'^ where is the actual 

final temperature and T\ is the adiabatic final tcurperatr.r? fur the same 
pressure drop. This expression can be represented :y an adiabatic 
pressure-volume expansion having a temperature difference To ^'2 
between the beginning and end of expansion (see page 327). Hence, by 
drawing an isothermal backwards through B (Fig. 155) to cut the adia- 
batic through A at <9, HGB'C gives the work loss, while DAGH gives 
the useful acceleration work (hi place of AB'CD t^dth frietionless 
flow). E a can be represented on the entropy diagram by the area shown 
shaded with dotted lines, since the curves of constant pressure have the 
same form. 

Compression flow accompanied by friction. In flow the 

pressure of a gas or vapour is raised to some ’righer vah; - . ^ and the 
initial velocity is continuously decreased to the final velocity 
If this occurs without friction the pressure p and the volume v are related 
by the law 

y y 


and the compression work is the same as the adiabatic work, represented 
by the area AB'GF in Fig. 157. For gases, this is also given by 

Eq = 1400 < 

where i.e. the temperature rise. From the energy law 

this is equal to the change in kinetic energy of 1 lb. of the gas, i.e. 
Fc 
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On page 235 the necessary changes in area, required to effect a given 
compression when the flow is frictionless, are given. 

If friction, such as is caused by the nozzle or pipe 'walls, has to be 
overcome during the retarding of the gas stream, the compression cannot 
be regarded as adiabatic, even if no heat is supplied or rejected. The 
portion of the initial kinetic energy required to overcome the friction is 
converted directly to sensible heat, which acts on the flowing substance 
in the same way as an external supply of heat. The state curve must 
accordingly lie above the adiabatic, as showm by the line AB in Fig. 157. 
The volume and temperature, for a given pressure rise, are thus greater 
than those in frictionless flow, and the additional work caused by this 

is represented by the area ABB' . 
This area, however, does not 
represent the whole of the addi- 
tional work caused by friction, 
nor is the work ABGF sufficient 
to effect the compression. The 
actual additional work necessary 
tf is considerably greater than 
E^ = ABB', 

The unknown friction work 
- AE^ is converted to heat, so 
Fig. 157 that extra work is necessary for 

this conversion and for the in- 
crease in volume. The latter quantity is shown in Fig. 157, but is only 
an auxiliary effect. The main additional wnrk, due to the friction work 
E^ itself, is not shown on the pv field, but it is important to determine its 
value. If is known, the total work required is 



£ = 4- F, + 


(391) 


In the case of a nozzle used for compression, this work is supplied 
entirely by the kinetic energy of the stream, so that, with as the 
initial velocity and us the final velocity, we have 


R 



E, 4 - & 




. (392) 


If the compressive process is considered up to some intermediate 
pressure p between and the values Eq, E^,, and E^ up to this point 
have to be determined, so that 



. (393) 


For an elementary change of state we have, bv differentiating equa- 
tion (393) 

=d{E, + E,)+dE^ 


Here d(EQ + E^) is a narrow horizontal strip of wddth dp, on the 
pv field, so that 

d{E^ + E^) = vdp 
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and hence - v dp = d\ — - d Eu 
2g 

which is analogous to equation (380) for expansion. 

Determination of the friction work. The heat Qi^ 
by the conversion of this work, is found from the true state line AB, in 
the same way as would be done if the same heat were .supplied to the 
compressed substance from the outside. We have, from the energy law, 
as expressed by equation (193) 


(394) 


AE^, obtained 


Qv> = K-i 


.f\. 

JVi 


or — — E^) . ■ • 

and hence, for gases, since 

- Ti) - A{Eq E^} . i;396) 


This, along with equation (391), gives the total work as 


AE = A{E\ -r E^) - A{E, E,, 

or (for gases) 

AE f397j 


or, more generally (since it also applies to vapours^, with equaticjiis 
(395) and (391), 

AE=^h.-h^ «39S) 


The necessary work is thus merely the diSercnce in total lieats after 
and before compression, so that, in the ease of gases, it depend.s on the 
temperature rise alone. The intermediate chiuiges in state have thus 
no effect on the result. 

Hence, in a diffuser, since 


E = 



VA 

¥ 


we have 


26^' 


TV 

% 


he - Ju 




In uncooled centrifugal blowers, the w’ork supplied to the shaft is 

(i.e. the kinetic energy of the 




greater than the above by the amount 

compressed gas), since the gas has a velocity Ve at discharge and has 
zero velocity initially, so that 


AE 


shaft 


= ho - hi 


V 2 

A v- 
% 


(4W) 


When the gas is compressed to a high pressure, however, ig 

generally negligible. 

A clearer conception of these results is afforded by the chart. 
If the state line AB on the pv field of Fig- 157 be transferred to the 
field in Fig. 158, the resulting curve is A-^Bj and the area below AiB^ 
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represents the friction heat (or Ej^ in heat nnits). The additional 
area on the pv field is represented here by the area A^B^B\ and the 
total additional vork is thus given by the complete area below B^B\. 
This area, however, is also equal to the quantity of heat which would be 
necessary to raise the temperature of the gas at constant pressure from 
1 ^ 2 ^, i.e. the final adiabatic temperature to To, the true final temperature, 
since B\ and B^ lie on the same pressure line. Hence the total additional 
work in heat units is 


or, more generally, 

-.4(^2 -f == ;^2-/?o^ . . . . (401) 

Hence, vith equation (391) and with AEq = 2 ’ have 

AE = -h^-T fio - h6 = 




AE = c,,(T^-T^ 



== 


AE 


AEq is represented by the area showm 
shaded vith dotted lines on the T(j> field, 
so that the whole shaded area represents 
the complete work required. 

In thepy field the area BHKG (Fig. 157) 
gives H is the point on the adiabatic 
through B, at which the temperature is 
again equal to Since, therefore, between 
B and H the temperature drops by 
the area BHKG — CpiT^- Tj) = E, as given 
on page 327. H is located as the point 
at which the isothermal through -4 cuts 
the adiabatic through B. For vapours, a 
line of constant total heat hi has to be 
drawn in place of the isothermal. The 
pressure p' (which is only of geometrical 
significance) is given by 


Efficiency. The frictionless adiabatic 
wwk is equal to AEq, so that the adia- 
batic efficiency is 


For gases, it is also 


= 

or, more generally, 
n4> = 




fu-hi 


. (402) 


. ( 403 ) 
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It is more usual, liowever, to regard the ideal work as isothermal, and 
since 

Eis = Ihh 5oge ~ log„^ 

2h Pi 

we have, for gases, 

ART.logJ^ 

Yj . = 1. J : 

or, since AR == and y = ~- 


Vis 



Ti 

T.-T, 



. (404) 


Tjis is, of course, smaller than 7]^, 

The therinod 3 maniic elficiencw'^ is the ratio of the work which can be 
regained to that required in compression. If the ir.-rre-se'! air at the 
temperature Tg and pressure expanded adiabatieaih' in a frictioiiiess 
motor, the work delivered would be equal to BEFO in Fig. Io7. Its hnal 
temperature T'l would }>e higher than so that, tliec^retically at least, 
the additional work (Fig. liiS) could be c>htained. Neglecting this 


Vth = 


r, ~ T\ 
T. - 1\ 




. f405) 


Example 16. Figs 157 and 158 have been drawn to scale fur pj = 14-:2 
lb. /in.- abs. and p., = 28*4 It), in.- abs. and q = 2b' (’. The tiiial adia- 
batic temperature would, from these, be f.,' = S4-5' C., while the actual 
final temperature is assumed to be to ~ 130' C. A^FP^ can Ije ai\v curve 
between and Bi and AB is transferred from it, to scale, in Fig. 157. 

Bv^ scaling, we have 

.4Fo= 38*9-234 = 15*5 C.H.U. ib. 

AE = 48*8-234 = 254 C.H.U. ib, 

so that = 0*61 


or, approximately, from the temperatures, 


84*5 - 20 __ 

~ 130 - 20 “ 


0-59 


The total additional work i.s 

AE^ + AE^ = 254- 15-0 == 9-9 C.H.U. ib. 
and, from Pig. 158, 

AE^ = 1-6 C.H.U./lb. 

Z.V.dJ. (1907), page 1669, W. Schiiie. ‘'Thermodynamic treatment of 
turbo -blowers,” 
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so that AE^ = 8-3 C.H.U, 

and AE^^ is only about one-fifth of AEp. 

0-4 293 

Further, 7]is = X jjq X 2*303 log 2 = 0*o3 
48*8 - 32*9 

and 7],^ = = 0-63 



CHAPTER V 

DEVIATIONS FBOM THE IDEAL GAS STATE 


Gases at very high pressures* Experimental work on the compression of 
gases, at constant temperature, to pressures of several hundred atmo- 
spheres, has been carried out by various investigators. In particular, 
tests by Katterer (1855), Cailletet (1872), Pietet, A^gat (1873 to 19117), 
Wrablewski and Olszewski (1883), and Kamerliiigh Oiines f l902 to 1918) 
have been carried out, mainly in an attempt to liquefy the gases. In 
addition, Holborn, Sehiiltze, and Otto experimented on air, nitrogen, 
hydrogen, argon, neon, and helium vith pressures up to llH) atmospheres 
and temperatures ranging from 183'^ C. to 41MP C. These tests were per- 
formed in the German Imperial Institute.*^ 

These tests all agree in showing tiiat both Boyle's Law for coiistant 
temperature 

pr = constant 

and Gay-Lussac's Law at constant pressure, along wit!i the eliaraeteristic 
equation deduced from these 

pv = RT ....... !406) 


apply exactly only within certain limits of pressure and temperature. 
Generally the equations appear to be valid provided the temperature is 
not too low, nor the pressure too high. According to the kinetic theory 
of gases, they apply when the density is so small that the mutual attrac- 
tion between the molecules no longer exists. 

A representation of the nature and amount of the deviation, in the 
case of air, is obtained if a diagram be constructed which shows the values 
of pv to a base of p. Fig. 159 shows some special characteristics of these 
curves. If equation (406) applie*^! throv.nh'^::t. the lines of constant tem- 
perature (i.e, the isothermals) wj;:/:-! ‘,e iiorizontal. since for 

T = constant, pu is also constiiu:. Actua.hy. the lines for T = 

constant are found to be curves which, at normal temperatures le.g. 7“ C. 
or 280° C. abs.), first fall and then rise as the pressures are increased. 

It is only at temperatures above about 330° C. abs. or 57° C. that 
the curves are nearly horizontal up to about 10 to 26 atmospheres, so 
that, for this region, the ideal characteristic equation applies. The devia- 
tions, even at 0° C., in this pressure region are not serious and can be 
neglected in ordinary technical calculations. The gas constants in this 
region are Rq = 96*0, as given by the mean molecular weight for air (see 
page 12), but for small pressures pv = 25,930, so that for T = 270' C. abs. 


, _ 25930 
270 


= 96-0, which agrees with the abo\T value. 


For the region between 0° 0. and 320° C., which alone is of importance 


* A compreliensive survey of this work and later work up to the year 1926 is 
contained in Vol. 279 of the Bureau of Standards, Washington, entitled “Belations 
between the temperatures, pressures, and densities of gases/’ 
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in the commercial compression of air, the product pr- first slowly decreases 
with increasing pressures and then, at i^ressures between 50 and 80 
atmospheres, increases slowly. Thei’eafter, however, the increases are 



Fig. 159 

rapid. Between IT' C. and 47' C. the quotients ^ are only slightly 

different from 96-0 even at as high a pressure as 100 atmospheres. Thus, 

at 290' C. abs. it is = 94-5 and at 320° C. = 96-5, so that 

equation (406) and the normal gas constant can be regarded as applicable 
to ordinary calculations. 
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If, however, the final pressure is eonsiderahly atie^ve if hi at!ii<ispliere>, 
as, for example, in the Linde air lionefaetion T)roec\s.s. wliere the final 
pressure is about 200 atmospheres, the difiLrenees are more serious and 
increase as the temperature rises. Thus, at 200 atmosplieres, wit!i 



T = 

290 

300 

320"' C. abs. 


t = 

17 

27 

47^ C- 

while 

p>_t\ == 

28,600 

29,s0o 

32.200 


PP'i == 

27,800 

28,800 

30,800 

so that, with 

El — 
Pi 

200, 





1-029 

1-035 

i-045 



200 

200 


whereas, vith the ideal 

to 

gas, 

= The 

2U() 

volume at 2il0 atmo.s]jlieres is 


thus from 3 to 4-i per cent greater than that of the ideal gas. 

At low temperatures, however, a volume decrease occurs. Thus, with 
T == 250^ C. abs. or / == - 23^ C. and = 1 atmosphere, we have, witli 


P2 


50 


lou 




200 


poi’2 = 23,000 

22,55c 

22,600 

23.3C«0 

pii'i = 24,(K">0 

24,050 

24.030 

24.050 

which gives 




t'. 0-956 

0-93S 

0-940 

0-980 

i'j 50 

100 

15i^ 

200 

while for the ideal gas we have the folioving ratios, 


1 

1 

1 

1 

t\ ~ 50 

100 

1 5«j 

2< ^0 

The volume at these pressures is 

thus between 44 and 2 

smaller than those of the ideal 

L gas. 

and the difierenees iiicrea; 

temperature is reduced. At the critical temperature, i.e. at T,. = 

abs., we have, with = 1 atmosphere and 


50 

100 

150 

200 urn:. 

2,958 

5,410 

7,710 

1U,050 

12,650 

12,650 

12,650 

12,650 

so that 




0*234 

0-428 

0-61 

0-795 

50 

100 

150 

200 


per cent 
as the 


Hence the true gas volume at the critical teniT>erature and at these 
pressures is between J and f of that given by Bcyh.-'- Li- w. 

These relations can also be shown on the pv field (Fig. 160). At low 
temperatures the true isothermal ABC is at first not so steep as that 
(AD) of the ideal gas, but later becomes steeper. At D the value of pv 
is the same as the initial value at A. A BCD lies entirely below the ideal 
isothermal passing through A, A still greater, but essentially similar, 
deviation is shown by the lower isothermal EF, which lies closer to the 
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vapour state. In this case, however, the point at which, the hyperbola 
through E again cuts the curve is not shown, as it lies too far above the 
field of the figure. The points such as C on the curve ACD correspond to 
the lowest points on the jw curves in Fig. 159, and the curve obtained by 
joining these points is called the Boyle curve, since, at these points the 
slopes are equal to those of rectangular hyperbolae, so that the actual 
gases exhibit the properties of a perfect gas. The points D in Fig. 160 



correspond to the points D in Fig. 159, and are such that ‘pv again assumes 
the same value as for the ideal gas. 

The course of the isothermals at high temperatures is represented by 
the curve HJ on the pv field, and is steeper than the rectangular h^^erbola 
through E. 

The conditions shown above for air in the gaseous state apply also 
to other gases generally, except that the deviations occur at other tem- 
peratures, Thus hydrogen show’s rising curves in the pi\ p diagram even 
at low temperatures, for wliich the air curves fall rapidly. On the other 
hand, methane shows falling curves between 50° C. and 100° C., whereas 
the air curves rise in this region. 

The following representation of the test results offers a clearer con- 
ception of the relations between the different gases. The quotient 

— = has a value which varies with the pressure, when T is constant, 

as shown in Fig. 159, whereas for the ideal gas ~ is constant. 
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The ratio — thus serves to indicate the deviation of the actual gas state 

-“O jj,. 

from the ideal gas state. Hence, if the quotients ^ = R', corresponding 

to different pressures, are calculated from test results or from the 

JR' 

Hausen diagram (Fig. 159), and the ratios are plotted to a base of 

ilQ 

pressures p (Fig. 161), the resulting diagram sho’R’S a group of curves 

JR' ^ 

passing through the point p = 0 and = 1. In this diagram the 
R ' *^0 

horizontal line through — = 1 represents the ideal gaseous state. If 
Rq 



the curves drop considerably below this line as the pressure is increased, 
the deviations from the ideal gas state are also considerable, in the sense 
that the actual gas shows a greater volume eompressirui ratio than the 
ideal gas for the same pressure ratio (Fig. 16(! n.;.::::- o' iiid B*). When, 
however, the curves lie above this, deviation also occurs, but in the 
opposite sense (points 21 and 21', Fig. 160 ). If now these curves be 
plotted for different gases, groups are obtained having approximately 
the same shapes and limits as those for air (Fig. 161 :.^ When such 
curves are available, the deviations of the individual gases from the idea! 
state and the gas volumes corresponding to given pressures and tem- 
peratures can be determined. 

Since — = 


we have 


i?o2?2^o 


* Curves of this type have been plotted in the publication of the Bureau of 
Standards, mentioned in the footnote on page 317, for the gases air, argon, heEum, 
hydrogen, methane, neon, nitrogen, and oxygen. 

22—{57H) 
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wliere and refer to any initial .state for which the ideal gas laws 

are applicable. We can, however, also compare any two states with one 
another by means of the relation 


where 



^ 2 ^ 2 ^ 2 


r: 

Ph ^ 
Po 


In tills way the relations between the pressure, volume, and tem- 
perature are found without the use of a general form of characteristic 
equation. A diagram of the above tvpe is shown in Fig. 162 for methane 
(CHJ. 

Van der Waal’s general equation of state for gases. This equation 
shows the relation betw'een p, v, and T, and also shows the characteristics 
of a gas as described above. The equation is usually written as 


. (407) 


in which a and b are constants for a given gas, while R is the gas constant. 

The form of this equation is explained by the kinetic theory of gases 
as follows. The ideal characteristic equation can be deduced from the 
kinetic theory, provided the volume occupied by the gas molecules them- 
selves is small compared with the volume betaveen the molecules, and 
provided the mutual attraction of the molecules is negligible. If, how- 
ever, the gas state is changed, so that it becomes relatively much denser 
either by increasing the pressure or lowering the temperature, these 
conditions are no longer fulfilled. By \vriting equation (407) in the form 


p == 


RT 


(408) 


the quantities on the right represent pressures. In the case of an ideal 
RT 

gas, p = — “ is caused purely by the reaction of the molecules which 

strike the waU, and thus depends on their velocitj" and density. If now 
1 

the densit}’ - is so great that the space between the molecules is of 

the same order of magnitude as the volume of the molecules, then, for 
the same molecular velocity (and hence for the same temperature) the 

V 

reaction (and hence the pressure) is increased in the ratio Due, 

however, to the mutual molecular attraction, which tends to reduce the 
pressure, the second term on the right of equation (408) must be 
introduced. 

A series of isothermals can be drawn on the pv field by means of the 
equation, and these show general agreement with test results. A better 
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conception, however, is obtained if the volumes, himI tem- 

peratures are represented as fractions of the eritL*;-.! pressure volume 
and temperature T ^ respectively. (See page regarding the critical 
state point, marked K in Figs. 159 and 160.) 

From the relations 

b = iwc 

a = 



which follow from equation (407), we have, for the characteristic 
equation 


w - 1) = sr 


(409) 


where 


0 = 


Vc 


— and t' 

V. 


L. 

r. 


If now a field be constructed having the ordinates p ~ ^ and the 
abscissae v' = — , a series of isothermal curves which are common to 

all gases can be drawn. By means of equation (409), Fig. 161 can also 
be appMed to represent conditions which are common to ail gases. From 
equation (407) we have 

U' 3 


This enables the values of p' corresponding to different values of F 
to be determined for constant values of t, so that is also calculable. 
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m 


We have, however, 


p'v' ^ ijv 

t’ T 


80 that 


pv _ S Rp'c' 

r “ 3 T'~ 



E - P' 

rjf ^ 


and taking the ideal gas constant 
^ ^ 8 p'v' 

R.~ I ? ■ 


R, 


0 ) 


we have 


Fig. 103 has Ijeen plotted by means of this relation. It vrill be observed 

R' 

that the shape of the curves and the actual values of are the same as 

in Fig. 161, which refers to air. Hence, Van der Waahs equation and 
the diagram (Fig. 163) derived from it, give an approximate representa- 
tion of the deviations of a gas state from the ideal gas state. In this 

way, when the critical values and are known, the values of 
for any state of a gas can be found. 


k)| 



CHAPTER VI 

SPECIAL APPLICATIOS:S OF THE GAS LAWS 

Working process in reciprocating air compressors. During the outward 
stroke of the piston (Pig. 164) air is drawn into the cylinder through 
the suction valve at approximately atmospheric pressure (line AB). 
During the return stroke the air is compressed, so that the pressure 
rises continuously (line BG). The discharge valve opens (point C) as 
soon as the pressure in the cylinder becomes equal to, or slightly greater 
than, the pressure p in the receiver. From C the piston discharges the 
compressed air from the cylinder to the receiver at the constant pressure 

p. If the receiver pressure is pj (i.e. 
less than p) the discharge valve opens 
earlier at some point C\, while for a 
receiver pressure > p it 0 } 3 ens at 
a later point Co- If the receiver con- 
tains no compressed air initially, it 
must be gradually filled, so that the 
discharge valve opens at a point 
close to B at first, and at continuously 


Fig. 164 Fig. 165 

increasing pressures thereafter. If the pressure in the receiver is to 
remain constant, the air withdrawn from it in a given time must be the 
same as the air delivered by the compressor in the same tine. 

The pressure changes in the cylinder during a working cycle are 
represented by the closed diagram ABCD, and the area of this diagram 
represents the work performed by the piston rod on the air per cycle. 
The magnitude of this area depends on the compression cun'e BC, as 
well as on the actual compression pressure p. The following are three 
special cases — 

1. Adiabatic compre^ion, i.e. in an uncooled cylinder. The curve 
BC then follows the law pr^ = 0, so that the temperature increases 
between B and G. 
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2. Isothermal compression. In this case the cylinder must be cooled 

(Fig. 164). (See page lo5.) 

3. In practice the compression line lies between the isothermal and 
the adiabatic, since, even with a large amount of cooling, it is impossible 
to prevent a temjjerature rise. The actual compression line can, in 
general, be regarded as a p.‘ !y■^ropic with n lying between 1 and y. 

Fig. Ibo shows that ri.C' wt.-rk of compressing a given weight of air is 
a miiiinium with isothermal compression and a maximum with adiabatic 
compression, and the difference increases as the pressure is increased. 
Hence, in practice, attempts are made to keep the compression as nearly 
isothermal as p';.--::-!!'. In adiabatic compression, the whole of the com- 
pression work remains as heat in the compressed air. This heat, however, 
is generally lost by radiation and conduction before the air is used again, 
so that the condition of the air is then the same as would be obtained 
with isothermal compression. 

{a} Isothermal The work of compression E here consists 

of three parts, Ej^ -~= Js( 'CJj, -absolute work of compression), E^ =ABB^O 
(absolute atmospheric work during suction), and E^ = CDOCi (absolute 
discharge work) (Fig. 165). 

This gives E — E^ - 

As siiown on page 104, these quantities are, per pound of air, 

El = 2*303 log ^ 

hence E = 2*303 log — -f pv ~ p^v^ 

Po 

and since pr = p^v^ 

7 ; = 2-303jVolog|- . . . (411) 

For a weight of W lb. for which the initial volume is Fq, the work is 
W times as great, so that, since = Fq, 

£■;,- = 2-303 2 / 0 1'o log— (412) 

Po 

For 1 ft.^ of air at suction conditions, i.e. for Fq = 1, we have 

Eq = 2-303 j?o log— 

Po 

For a volume F ft.® at the higher pressure p, we have, since 

E, = 2*303 i>F log^ 

Po 

or per ft.® of this air (i.e. at p), 

= 2-303 1 / log ^ 


• ( 413 ) 
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The isothermal work of compression is the same as the absolute 
isothermal compression work. 

The heat which has to be withdrawn in isothermal compression is 
AEj^ for 1 lb. of air (see page 105), so that it is also represented by the 
heat equivalent of the w^ork done. This gives 


Q ■■ 

for 1 lb. of air, or 


2*303 , p 

loa — C.HX 


2*303 , p „ 

Fologi-C.HX 
To 

for 1 ft,® of air at suction conditions, or 

n -‘303 , T nrrr 

Q = -.WK P log ” C.H,l 
Po 

for 1 ft.® of air at dischr.rge conditions. 

(d) Adiabatic compression. In this case 
1 


E, 




SO that 


or 


y-1 

and E^ = pv 

E = rE^-E.== 

^ “ y - 1 

E — yE 


i.e. the Avork done is 1*4 times the absolute compression work. From 
page 109 


so that the work is given by 


( 415 ) 


Also, from page lOS, we have 

E ^ 1400 c, (T- To) 

or with t =: T -Tq (i.e. the adiabatic rise) 

c 

E = 1400 7 c^t or, since 7 = 


E 


1400 Cj,t 


(416) 


.T • ^ fp\y 

Now, since — = ( - > 


we have 


(417) 
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Equation (415), along vnth pv^ = PqVq/ gives 


or per of compressed air at temperature T, 



Fig. 166 


The work per ft.^ of air at suction temperature and at the compression 

pressure p is 


7-1 

( 418 ) 


T 

since the volume of the air is reduced in the ratio i.e. 1 ft.^ of air at 
'T 

T and p, becomes ^ft*^ at Tq and p. 

Fig. 166 shows the work required to compress 1 ft.^ of compressed cold 
air isothermallv and adiabatically for pressures ranging from 1 to 15 
atmospheres, and for an initial temperature of 20° C. For compression 
pressures above 5 atmospheres the temperature at the end of compression 
is above 2TO° C. This introduces difficulties due to lubrication and sealing 
at the gland. For a discharge pressure of 10 atmospheres abs., the 
adiabatic eomnressiDn work is greater than the isothermal work by 
2(KM) ft. lb.ri.-‘or 1-4:3 C.H.TJ./ft.» 
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(c) Polytropic compression. If the compression is poh'tropic and fol- 
lows the law pv^ — c, the work of compression is 


E = 


(pr-po^o) 


n-\ 

so that we again have 

E = wiTi 

As shown on page 11 4-, we also have 
E^ = 1400 (c,-c) 

/ >j. — <^#\ 

where 


This gives E = 
or, with - Cv = 
E = 


71- I J 

r- 


1400». (T-T-o) 

1400 


n 

w - 1 


R(T- r„) 


(419) 


Again, since 




and, since ETq = 


we also have E = — , jmq 

7l~ ^ 


:ci) -‘] 

fe)' " - 


By writing equation (419) 

71 


E = 


71 


pt(i-y 


we have 


71 - 1 


pv 


1 - 


f - I 


(420) 


(421) 


where p and r refer to the hnal state. 

Equation (421) applies to 1 lb. of air. For any weight TJ’ lb. the work 
is given by 




w'here F is the volume in ft.^ of TF lb. measured at the final conditions 
Hence per ft.® of this air, 


E 


n -I 


P 





330 TECHNICAL THERMODYNAMICS 

If this air be cooled to the initial temperature Tq, Tve have (as under 
(b) above), 

ti - 1 


E = 



n 

n - 1 


P 



(422) 


For i ft.» of air at the suction conditions, we have, from equation (420) 


E 


Po 


- 1 


. (423) 


The heat withdrawn per lb. is (page 114), 

= = ct-t^) 


From equation (419), this is also given by 




L 7 ■ £ 

1400 n(y-l) 


Power required. The horse-power required per Fft.^ of air per 
hour is 


H,P, = 


EV 

3600 550 


EV 

1980000 


(In this expression all losses are neglected.) 

Thus, per ft.^ of air per hour the necessary power is, from equation 
(420), 

11-1 


{H.F.lo lC)j;Q0Q(, 



(425) 


which applies also to adiabatic eoinpre.«sion, when n is replaced by y. 
In the case of isothermal irq :•c^s:o:. 




2-303i>o 

19SCHXK) 



. (426) 


With efficient cooling, the mean value of the index of compression 
ranges from 1*2 to T3, and may be even smaller with slow running 
compressors. Actually n is not constant, i.e. the actual compression line 
is not in the sense used above. The exponent is usually greater 

at the : C'gii.iirig and smaller at the end than the mean index of com- 
pression. This is caused by the different quantities of heat flow due to 
the different temperature differences at the begmning and end of com- 
pression. Fig. 167 showTs a typical indicator diagram of an air compressor. 

Effect of Cooling. As .shown in Fig. 165, the work required to com- 
press air is considerably affected by the index of compression, and hence 
by the amount of cooling during compression. Cooling, however, has an 
additional advantage. Since isothermal compression is never carried out 
in practice, the walls of the compressor become heated during the com- 
pression period. The air drawn in during the following suction stroke 
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comes in contact with the warm walls, so that its temperature is raised 

T' 

from Tq to T'q, and the specific volume is increased in tlie ratio ^ 

Now, from equations (411). (415), and (420) the total work is proportional 
to the product no matter what the nature of the compression may 
be. Hence, due to the heating effect during suction, the work required 

T' ^ 

is increased in the ratio Due to cooling, T ^ can be reduced con- 

i 0 

siderably below the corresponding adiabatic temperature, and it has 
been found that the gain in economy due to this is of the same order as 
that caused b}' lowering the index of which alone is shown 

by the indicator diagram. Thus, if the n -dr be heated from 15'" C. 



to 50^ C., the ratio of the compression work to that with no heating is 
= 1T2, i.e. an increase of 12 per cent. The eSeet is still mure 

273 -{- lo 

marked when the compression pressure is increased. T\rd> at 6 atmo- 
spheres pressure (gauge) the final adiabatic temperature is 22ti' C.. so that, 
if no provision is made for cooling, it is possible for the suction air tem- 
perature to be raised to lOtd C, or mure. The work required would then be 

~73 4- lOO 


increased in the ratio 


273 -- 15 


- 1-3. 


Example. Find the horse power requhed to 1 ,000 ft per hour 

of air (at 60 lb.; in,- gauge pressure and 15'" C.) from 15 lb. in.- abs. to 
60 ib./in.- gauge, {a) isothermally, (b) adiabaticaiiy, pohi:ropically. 
with n = 1*22. 

(a) From equation (414), we have 


E = 2-303 log |- 


= 144 X 2-303 (60 - 15) log 
= 17430 ft. ib.;ft.» 


and, from equation (426), 


{H.P\ 


1000 X 17430 


8-8 h.p. 


1980000 
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Heat removed per hour is 

17430 >' 1000 

(6) From equation (41S) 


= 12450 C.H.U. 


E = 3-5i^ [* 


we have 


E == 3*0 X 14:4 75 


(M 

i?V ‘ - 1 

lo 


= 3-5 ■ 144 X 75 X 0-585 
= 22200 ft. lb. ft.3 
and, from equation (425), 

o 22200 x 1000 
1980 W 0 ~ 

(c) From equation (422) 


E = . i> 

- 1 ^ 


r-] 


1-22 :■< 144 X 75 
0 


1-22 ;< 144 >; 75 X 0-34 
0-22 


= 20400 


, 20400 x lOi-Kl 

and {H.P.), = - = 10-3 h.p. 


The temperature of the air at discharge from the compressor is 

0-22 

SO that, assumiug = 20° C., we have 

T = 1-34 X 293 = 392° C. abs. -= 119° C. 

From equation (424) the heat removed per hour is 

X ~ X 20400 X 1000 = - 6380 C.H.U. 

1400 1-22 X 0-4 

If the rise in temperature of the cooling water is 10° C. the amount 
of water required per hour is 

5380 
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Determination of the wf)rk ret^uirecl to drive existing air compressors 
from the temperature rise of the air and cooling water. 

The energy equation, when applied to compression accompanied by 
cooling, gives the absolute compression w'ork as 


for any compression law. The necessary work per lb. of air, how'ever, is 
expressed by 

E = El + pr ~ PqVq 

so that E = 


Now, since Pot’o = PiTq and pc = RT 


this gives E = {T - T^] 

or, since W A R 

E = 1400 Q -r 14(HJ r,, (T ~ T^) 

For a given weight IF, therefore. 

== 1400 QW — 1400 IFCT - T^) 

Hence, in order to find the foUowing values have to be determined 
at the compressor. 

1. The weight w and rise in temperature i. of the cooling water used 
in a given time. 

This gives QW = ivt^p 

2. The supply and discharge air temperatures and I respectively. 
This gives T -Tq= t -(q 


3. The volume of the air supplied or discharged, i.e. Fy or F respec- 
tively. 


This gives 


TF ~ 0 

i?{2T3 -r f,) 


iL 

Y('2TS -r- t] 


where p^ and p are the respective absolute pressures in lb. ft.-. 

The horse-power is now found from by dividing it by LOSOjXh). 

The third quantity above is usually diliicult to measure under ordinary 
conditions, so that, for reciprocating compressor^, it is better to determine 
the power by means of an indicator. This .1 is, however, of advan- 

tage in the case of fans and blowers, since the indicator caimot then be 
used. (See Z. V.dJ. (1907), page 1669.) The measurement of the discharge 
gas temperature is, however, difficult. 

Two stage compression. (Compound compre.ssor.) An approach to 
isothermal compression, which depends on the eficieney of cooling of 
the cylinder, is rendered more difficult as the discharge pressure is 
increased. Hence two stages or more are emplot^ed when the discharge 
pressure is high. In the first cylinder, the air is compressed to some 
intermediate pressure and then discharged to an intercooler, where it 
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is cooled to about atmospheric temperature. The air then passes to the 
second stage, where it is compressed to the final pressure. 

The pv diagram in the L.P. cylinder, with adiabatic compression BC, 
is represented by ABCD in Fig. 168. The heated compressed air at 
pressure and volume CD is cooled in the intercooler to the temperature 
at 5, so that the volume is reduced to DE (curve BE is an isothermal). 
This is the volume of air drawn in at the H.P. cylinder (line DE) and is 
compressed adiabatically as shown by EF. If the whole of the com- 
pression had been carried out 
adiabatically in a single cylinder 
(i.e. in the L.P. cylinder) the work 
would have been represented by 
ABF'H, so that the saving in 
work is given by the area CF'FE. 
With polytropic compression the 
saving is stil] greater, since the 
compression curves would then lie 
to the left of BC and EF. 

Here the saving in work is 
again greater than appears from 
the diagram, since the cooled 
suction air affects the necessary 
compression work as described 
above. This reduction of work is 
^ more marked in two stage com- 
Fm 168 pression than in single stage 

compression, since the air tem- 
peratures for the same polytropic are considerably lower in the two 
stage cylinders. For pressures above about 100 Ib./in.^, two or more 
stages are generally used. 

The discharge pressure of the L.P. cylinder is such that the work done 
in the two stages is about equal, while for a preliminary calculation it is 
sufficient to assume isothermal compression. The L.P. work is then 

PqVq log^ — and the total work p^v^ log^ 

To Po 

This gives log,|i = log^ ~ 

Po pQ 



so that 

■Po 

The ratio of the cylinder volumes is the same as the pressure ratio, 
so that 

% Po 

If, for example, air is to be compressed to 170 Ib./in.^ abs. from a 
pressure of 15 Ib./in.^ abs., the pressure in the intermediate receiver 
should be y— - 

= lo X 3-36 = 50 lb./in.2 ahs. 
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and the stroke volume of H.P. cylinder 

__ L.P. stroke volume 
_ __ 


Very high pressures are attainable only by adopting multi-stage com- 
pression, since the possible pressure/compression ratio of a single cylinder 
is limited by the clearance volume. H is the clearance volume, 
expressed as a fraction of the stroke volume, the maximum possible 
discharge pressure p is found from 


= Poi'^ + 


or 


Pq 


= 1 + 


1 



Thus, with isothermal compression (n = 1) and with 
= 0*02 0-05 0*10 

we have ^ 

^ == 51 21 11 

Po 

The air compressor ceases to operate, as such, at these maximum 
pressures, since the compressed air merely fills the clearance volume and 
no discharge occurs. Even with considerably lower pressures, however, 
the clearance volume causes a large reduction in volumetric efficiency.’^ 

For compression pressures of the order of 100 atmospheres or more, 
account must be taken of the deviation of the isothermal pi’ curve from 
the law pv = constant. This has been considered in Chapter V. 

Compressed air power transmission. In this section the work redelivered 
by compressed air when operating in an air motor will be considered. 
The motor is assumed to operate in the same wa}^ as a steam engine, 
i.e. delivery occurs along DE (Fig. 169), followed by expansion to the 
end of the stroke EF. On the return stroke FA, the air is discharged at 
constant pressure. If the pressure losses be neglected the form of the 
indicator diagram of the air compressor is given by ABCD, where B is 
located by using the relation 

pv = ^0 = “ 


* Regarding tests on air compressors imder varying conditions, see Forsch. Arb, 
No. 32 (F. L. Richter), and Forsch. Arh. No. 58 (W. Heilemann). 
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since the temperature of the air entering the air motor is assumed to be 
the same as that entering the compressor. 

The difference in the areas of the two diagrams depends on the type 
of compression and expansion curves. This difference is greatest when 
both curves are adiabatics and is lessened when, as always occurs, both 
are polytropics. The area BCEF thus represents the greatest possible 
loss. 

The efficiency of this type of power transmission is increased if the 
air is preheated before entering the motor. The point E then lies further 
to the right, so that the indicator diagram of the air motor is increased. 
This improvement, however, is only effected by an additional supply of 





heat, and the cost of this supply decides whether or not it is worth while 
preheating the air. It must be remembered, however, that a marked 
improvement in the running of the motor accompanies the preheating, 
since it avoids difficulties due to freezing of the moisture in the valve 
passages. Compression of the residual air on the return stroke has 
recently been adopted in order to increase the temperature of the walls. 

Motors which operate non-expansively, or with only partial expansion, 
do not suffer from the effects of cooling, but the loss of available work is 
then considerable and represented by the area BGEG (when no preheating 
occurs). With preheating the extra work EE'G'Q is gained, where 


and t' are the temperatures before and after preheating. The pro- 
portional gain is thus 

273 + f 
273 + ^0 

The ideal cycle of the air motor has isothermal expansion, in which 
the air temperature is the same as that of the surroundings. This is 
effected, in theory at least, by supplying the jacket with heating water 
in place of the cooling water used in compressors, and allowing the piston 
to move very slowly. The work thus delivered is greater than the 
adiabatic work (Fig. 170). 

By expanding the air in two stages (Fig. 171) a closer approach to 
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isothermal expansion is obtained, so that the work delivered is increased. 
In the first cylinder the pressure drops adiabatically, say, from p to 
as shown by the curve AB. The air, of volume corresponding to the 



Fig. 172 


point B, is removed to an interheater, where its temperature is raised to 
that of the surroundings. On entering the second cylinder, the volume 
is now increased, so that the state point is at C and expansion occurs from 
0 to the outlet pressure. The shaded area below BC represents the gain 
due to interheating. This type of compound expansion has been applied 
successfully to locomotives in America. 

As in the case of compressors, the actual gain due to two stage 

33— (5714) 
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expansion is greater than that indicated by the diagram, since the 
cooling effect of the walls is reduced on account of compounding. 

The expressions for the work done by air motors with expansion 
down to the back pressure are the same as those already deduced for 
the air compressors (page 329). 


INTERNAL COMBUSTION ENGINES OPERATING ON 
THE OTTO CYCLE 

Consider a mixture of air and gas (town gas, power gas, or petrol 
vapour, etc.) which has been drawn into the cylinder of a single or double 
acting engine (line ab, Fig. 172). After the inlet valve closes at the dead 
centre position, the mixture is compressed by the return movement of 
the piston (line he). The highest compression pressure is attained at 

the end of this stroke. The 

pressure ratio ~ depends on 

the ratio of the sum of the 
clearance and stroke volumes 
(Fc + to the clearance 
volume (Fc). At or near the 
inner dead centre position the 
mixture is ignited and the 
pressure rises almost instan- 
taneously (i.e. at constant 
volume) from to pg 
The value of pg depends on the 
calorific value of the mixture 
and on the state p^Ti (see page 
81). The high pressure glow- 
ing gases now expand and drive 
the piston outwards so that 
I ^ ^ pressure drops from pg to 

*- y lu L- I exhaust valve opens 

u Vf^^ shortly before the end of this 

Fig. 173 stroke, so that the products 

of combustion are expelled 
from the cylinder and the pressure drops rapidly from P 4 to Pq (fine ef). 
On the return stroke still more of the products are (fischarged from 
the cyfinder at approximately atmospheric pressure (fine fg). The 
volume Vf. of products remains, however, in the clearance space and 
mixes with the fresh incoming charge during the succeeding suction 
stroke. A working cycle thus requires four strokes, and an engine operat- 
ing on this cycle is known as a “ four stroke ” engine. 

Two stroke engine. The whole process can also be carried out in 
two strokes. In this case, however, the mixture must be delivered to the 
cylinder (by special air and gas pumps) near the outer dead centre 
position. Immediately before this, the waste products have to be removed 
by scavenging with air. 

Although the constructional details in both two and four stroke 
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engines vary greatly, the following treatment applies to all engines oper- 
ating on the Otto cycle. 

The useful work transmitted by the piston is found as follows (Fig. 
173). During compression (be) and expansion (de) the work delivered to 
the piston rod is given by the area bede = A^, while during suction and 
exhaust the work done by the piston rod is given by the area abfg =^ 2 * 
The useful work is given by the diference of these two areas. In using 
the planimeter it is only necessary to follow the lines cdefga'bc in Fig. 173 
to obtain the net work, as this gives + - J. 2 . 

The useful work is now 

E — a^deb^ - a-^ebb-^ - Oigfb^ + 

With reference to the last area it should be noted that the suction 
pressure does not drop instantaneously from g to a, but gradually, as 
shown by ga\ due to the throttling of the air as it is drawn through the 
suction valve. In the theoretical cycle, however, this effect can be 
neglected. 

It is unusual to find such a low suction pressure as that shown in 
Fig. 173 on full loads. With quantity governing at light loads, however, 
diagrams similar to that shown in Fig. 59 are obtained. 

In the ideal diagram the expansion and compression curves are 
assumed to be adiabatics. Even under actual conditions and with w'ater 
cooling, which is necessary for effective lubrication and to prevent pre- 
ignition, the curves do not greatly deviate from true adiabatics (see 
Fig. 58). 

On the assumption of constant specific heat, we have, from page 106, 
Area a-^deh-^ — 1400 c^(T 2 ” ^s) 

where T^ and T^ are the absolute temperatures at d and e respectively. 

Again, the area a^ebb-^ = 1400 c^{Ti - Tq), so that the useful work 
per pound of mixture during expansion and compression is 

E =im{c^(T^-T^)-c^{T^-T,)\ . . . (427) 

At normal loads, the negative work is relatively small, and as it 
represents a throttling loss it is omitted in considering the ideal case. 
Equation (427) therefore gives the ideal work of the cycle. 

The heat liberated in the combustion along cd is 

Qv — ^^(Tg — Ti) 

and the mechanical equivalent of this is 

Fq = 1400c^(T2-Ti) (428) 

This represents the heat supplied in the process, and the highest 
possible fraction of it should be converted to work. This fraction, called 
the thermal efficiency of the ideal process, is 


E 



or, from equations (427) and (428), 


. ( 429 ) 
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or, awsmTiiTig to have the same values bet-vreen the limits T^ to T^, 
Ti to Tq, and T^ to T^, 

(T,-T,)-{T^-T,) 


nih 


Since 


T,-T^ 

T, 


Ll V - 1 ^ ^ -y - 1 

FfT — and TfT = r/ 

-‘0 3 


where is the compression ratio, it follows that 


^ = tpt' so that 


To To 
or To-To = ^^{Tx-To) 


Tx 


To- To 

T, 


Vth = 


Inserting this in the expression for gives 

T, 

T, T, * • 

or, in terms of the volume compression ratio, 

.r. 


'^th ^ ' 


or 


Vth 


yzJ- 

Px 


(430) 

(431) 

(432) 


These relations show that the volume compression ratio has an 
important effect on the thermal efficiency, rjth increases, at any load, 
as the compression ratio is increased. The values of rjth have been 
plotted against compression ratios in Fig. 181, from equation (431), with 
y = 1*4. (The curves are dotted and marked “1st approximation.”) 

Second approximation. The values given by equation (431) are only 
approximate, as will be seen by comparing results from this equation 
with the accurate values on Fig. 181. This is due to the assumption that 
the specific heats for compression, combustion, and expansion are the 
same and independent of temperature, equation (429). This, however, 
is not confirmed in practice, as shown on pages 48 et seq. The heat of 
combustion which appears in the denominator of equation (429) has the 
greatest effect on When in the expression = c^{T^ - Tj) is 
replaced by the actual mean specific heats, we have ” ^vmih 

and the thermal efficiency is reduced in the ratio 

The value of the molecular specific heat 0^ is that corresponding 
to y = 1*4, 
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The value of the mean molecular specific heat with a moderate amount 
of excess air is (from Fig. 23) about 

= 5 + 0 - 5 ^ 


These give, for the above ratio, 


k 1 + 


k “r ^9 
10000 


so that the improved expression for the thermal efficiency is 


1 I h + h 

10000 


With the compression ratios 


we have, with = 50° C., 

= 225 330 415 480 

and, assuming a combustion temperature 1500° C. above the compression 
temperature, 

t. = 1725 1830 1915 1980 

The correction factors are, from these, 


The thermal efficiencies as given by equation (431) are reduced in 
these ratios and plotted in Pig. 181, where the resulting curves are 
marked 2nd approximation/’ 

Exact determination. The exact determination of the thermal effi- 
ciency is obtained as follows. Denoting the internal energies at the four 
corners of the diagram by 1-^y I 2 , and we have 

the absolute expansion work = I 2 - 
the absolute compression work = Ii- Iq 
and the heat supplied ~ Q = - Ii 

so that 7]th = - ^ ^ 

_ 1 _ 

h-h 

/j - /q is the heat remaining in the products at the end of expansion, 
l3~Jo_^s-h 


I,-Iy_ Q 

represents the fractional exhaust heat loss. 
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This value is easily obtained from Chart I for products. Tig. 174 
illustrates the method of obtaining the values vuth Q = 28 C.H.U./ft.® 
at S.T.P. 

For compression ratios of 

= 3 5 7 9 

we have 

= 0*278 0*364 0*424 0*458 

These values are also plotted in Fig. 181. It will be seen that the 
second approximation values show good agreement with these. 

10 20 30 40 50 



Fig. 175 shows a theoretical diagram for = 6*84 and a heat supply 
of 40*7 C.H.U./ft,3 at S.T.P,, which is considerably greater than in the 
above example. The diagram has been constructed with the aid of the 
energy chart and gives = 0*45. 

The actual thermal efficiencies, as obtained from indicator diagrams, 
are considerably smaller than the above values on account of heat and 
pressure losses in the engine, particularly during combustion and expan- 
sion, and may be about 75 to 80 per cent of the ideal values. For high 
compression ratios this gives thermal efficiencies between 0*30 and 0*33. 

The fuel consumption C per h.p. hour is obtained from the calorific 
value |£f of the fuel and from the thermal efficiency as follows. With 
complete conversion of the heat to work, 1 lb. of the fuel would deliver 
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1400 H ft. lb. of 'work. In tbe actual gas engine process, however, the 
greatest work obtained is rji^ 1400 H ft. lb., so that, with C lb. of fuel, 
the work is 1400 CH ft. lb. 

On the other hand, the work obtained from 0 lb. of fuel is equal to 
that supplied by 1 h.p. hour, i.e. 33,000 X 60 ft. lb. Hence 


1400 7)tn GH = 33000 X 60 

^ 33000 X 60 

' 1400' 

or, if i? is in B.Th.U./lb., 


so that 


1414 lb. 
rjthH h.p. hour 


Vth H 



(434a) 


The fuel consumption is thus inversely proportional to the thermal 
efficiency (see page 153). 

Thus, for town gas with H — 312 C.H.U./ft.^ and 97 ^^ — 0*25, we 

have 0 _ ^ 3J2 =■ kour 

and for producer gas, with H = 74-8 C.H.U./ft.^ and rjtit = 0-22, we 

1414 

° = 0-22 X 74-8 - “ ’'h-P- “o" 

Eegarding the determination of the maximum combustion pressure, 
see page 81. In gas engines this pressure does not usually exceed 
400 Ib./in.^ g. 

ENGINES OPERATING ON THE DIESEL CYCLE 

The Otto cycle is not suitable for engines which use non-volatile oils, 
i.e. oils having an evaporation temperature of about 150° C. and over. 
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since suclh. oils do not form a suitable air-fuel mixture at normal suction 
temperature. For these fuels, therefore, a different process, due to 
Rudolf Diesel, is adopted. 

Diesel engines generally operate on four strokes, although for large 
powers two-stroke cycles are also employed, the practical difficulties 



Fig. 176 

being less than in two stroke gas engines. The essential difference between 
the Diesel and Otto cycles consists in the suction and compression strokes. 
During suction, in the Diesel engine, air and not an explosive mixture is 
drawn into the cylinder. On the return stroke this air is compressed to 
some pressure between 450 and GOOlb./in.^ (which is considerably in 
excess of the compression pressure of gas engines), so that the tem- 
perature of the air is considerably increased (see page 111). At or near 
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the commencement of the third stroke, i.e. on attaining the maximum 
compression pressure, fuel oil is injected in the form of a fine spray, either 
with a small amount of compressed air at 750 to 900 Ib./in.^ pressure, or 
alone. In the former case an air compressor is required, in addition to 
the oil pump, in order to supply the blast air, while in the latter case this 
is dispensed with (solid injection engine). 

The oil ignites as soon as it comes in contact with the glowing air, 
so that the temperature is increased. This increase depends on the 
combustion heat and the course of the pressure change. The rate of 
injection is arranged so that the pressure behind the outwards moving 
piston either remains constant during combustion or at least does not 
increase as rapidly as in explosion processes.* 

At the end of injection and combustion the products of combustion 
expand to about the end of the third stroke and are then released. 

The indicator diagram of Tig. 176 is developed as follows. Suction of 
air occurs between a and 6 at a pressure slightly below atmospheric, while 
the piston moves from the top to the bottom dead centre position. This 
is followed by compression from b to c, so that the pressure rises to 
between 450 and 600 Ib./in.^ and the temperature to about 700^^ C., while 
the piston moves from the bottom to the top dead centre position. 
Injection and combustion of the oil commences at c and ends at d. The 
line cd is horizontal in the ideal cycle, but in the actual cycle there is 
first a pressure rise followed by a gradual merging with the expansion 
line. The hot products expand from d to e, while the piston drops to the 
lower dead centre position. Exhaust commences at e (in the actual engine 
it commences earlier) and ef shows the rapid drop of pressure caused by 
releasing the high pressure products. The cylinder contents are exhausted 
along fg as the piston moves upwards. 

The useful work delivered to the piston can be taken as equal to the 
area bcde, since the pressure during suction is nearly atmospheric. This 
area is made up of the constant pressure area — c-^cd the expansion 
area d^d ee^, and the compression area = b c<\e^, such that 

^ "b ^2 ^3 

Considering these separately, we have 

or, with piV^ = BT^^ 

% = B{T 2 — Ti) 

which applies to 1 lb. of the cyHnder contents. 

Again, from page 106, 

U00cJT2-Ts) 
and = 1400 c^(Ti - Tq) 

where is taken provisionally as constant. 

* The pressure curve very largely depends on the air blast pressure and method 
of opening the fuel valve. The indicator diagram in Fig. 60, which shows an 
abnormal combustion curve, gives first a rapid pressure drop followed by approxi- 
mately constant pressure burning. Probably the air injection pressure was too low 
or the opening of the injection valve too late. Fig, 177 shows normal diagrams for 
various loads, as given by K. Kutzbach in Z.V .d,I. (1907), page 521, 
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We then have 

E = R{T ^ - : 14001^,(^2 - ^3 v-T<,)\ 

In this expression is the temperature at the end of adiabatic com- 
pression and beginning of combustion, is the temperature at the end 
of combustion, and is the temperature at the end of adiabatic expansion. 

The temperature rise during combustion {cd) depends on the heat 
liberated by the combustion of the fuel oil with 1 lb. of air. Now, from 
page 24, the amount of air theoretically required for the combustion of 
1 lb. of oil is 14*5 lb., while the actual air is at least 25 per cent in excess 
of this, giving a minimum weight of 14*5 X 1*25 = 18*2 lb. of air. Hence, 

in practice, no more than used per pound of air. 

10*2 

This weight of oil liberates about 

= 605 C.H.U. of heat = 


Hence, this is the amount of heat liberated at constant pressure. (With 
more excess air, Qp is reduced.) 

The temperature rise 
T 2 - is now given by 

Qt — ~ ^ 1) 

if Cp is first assumed to be 
the same for products and 
air. 

The absolute work equi- 
valent to this heat is Eq = 

1400 Qp ft. lb., and the thermal efficiency of the Diesel cycle is 
AE 



Substituting the above values of E and gives 

{T, - T^) + c, [T2 - Ts - (^’i - ^’o)] 

1400c j "^7 T^-T^ 

/ 1 l ys-n 

Vtk 1 

Denoting the compression ratio by r, = ^ ^ ^ and the ratio of 

the greatest to the least combustion volumes by p, we have, for the 
adiabatic state changes (page 108), 

p = and ^ . . (435) and (436) 
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Again, for the constant pressure combustion period, 

P^ = P (437) 

From the expression for r/oi above, we have 



and, since 


To 





(438) 


p generally lies between 1 and 3 , depending on the combustion tem- 
perature Tg. 

With p = 1-5 3 


= 1*09 1*31 


If these are used to compare the efficiency of the Diesel and Otto 

T 

cycles for the same value of i,e. for the same compression pressure, 

the efficiencies shown by the Otto cycle are higher. It is better, however, 
to compare the efficiencies when the maximum pressures are the same. 
The Diesel efficiencies are then found to be somewhat higher (see page 
196). 

Second approximation. Equation (438) gives only a rough approxi- 
mation for the efficiency, for the same reasons as were given in con- 
nection with the corresponding expression for the Otto cycle. The 
expression is improved if, for the heat supply, ~ ^pmik 

stituted in place of 035(^3 - ^i)- 

The values given by equation (438) have then to be multiplied by 

h) 

With 0^ = 1 and = 7 + becomes 

1 

^ + iioo 
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With. <0 = 50° G., y = 1-38, and 

= 8 10 12 15 

we now have 

= 438 503 556 630 °C. 

and, with a temperature rise of 1200° C. during combustion, 

U = 1638 1703 1756 1830 °C. 

p = ^- = 2-64 2-54 2-45 2-33 

nth = 0-490 0-623 0-571 

(from equation (438).) 


These values are plotted in Fig. 181 as a first approximation. The 
correction factors are 

1111 
M3 M4 M5 1-17 


so that the second approximation values are 

= 0-381 0-436 0-453 0-490 

These are also plotted in Fig. 181. 

Exact determination. The exact value of rjth is found as follows. 
Let Iq, Ii, Jg, and be the internal energy values of the air charge and 
products at the four corners of the diagram Fig. 176. With these 

the absolute expansion work = I 

the absolute full pressure work during combustion = Ap^ (v 2 - v^) 
the absolute compression work = 1^-1^ 
and the heat supplied 

Q„ = H^-Hi = + Api{v.^-v,) 

This gives the thermal efficiency as 

= ^^2 ~ ^3 + ~ '^c) A + ^ . _ h-h 

h-lY + Ap,{V2-V,) Q, 

J 3 - Iq is the internal energy remaining in the exhaust gases. 

The values of - Iq are now found from Fig. 178 with a heat supply of 
= 28 C.H.U./ft.3 at S.T.P. 


For 


10 

12 

15 

so that 

II 

1 

n 

16-6 

16-0 

15-0 


Vth 

0-410 

0-430 

0-465 


These are considerably less than the values given by equation (438), 
but agree weU with the second approximation values as given by Fig. 181. 

A theoretical diagram, drawn to scale, is shown in Fig. 179. The 
actual thermal efficiencies, as obtained from indicator diagrams, are less 
than the above theoretical values, due to heat and pressure losses. The 
theoretical values represent an upper attainable limit. With an indicated 
efficiency ratio of 80 per cent the attainable indicated thermal efficiency 
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is about 0*482 x 0*8 = 0*386, and with a mechanical efficiency of 0*88 
the brake thermal efficiency is 0*88 x 0*386 = 0*34. 

As shown in Fig. 181, the Diesel engine performance is superior to 
that of the gas engine. This, however, is due solely to the much higher 
compression ratios adopted in the Diesel. In order to have rjth = 0*45, 
the gas engine must operate with = 8*5 and the Diesel with = 12. 



A Diesel engine with = 15 gives — 0*48, but the compression 
ratio of the gas engine, to give this efficiency, is impracticable owing to 
the pre-ignition which would follow during compression. 

Diesel engines which operate with combustion partly at constant 
volume (as in modern sohd injection engines) show thermal efficiencies 
somewhat higher than those in Fig. 181, and are about the same as those 
for gas engines having the same compression ratio. 

EXPLOSION GAS AND OIL TURBINES 

The working cycle is described on page 198. As shown in Fig. 101, the 
fuel and ah* are compressed isothermally, either as a mixtm*e or separately, 

from the pressure pressure Pq, The ratio ^ is also the 

volume compression ratio in the same sense as that used in gas and 
oil engines. The theoretical thermal efficiency of the process is deduced 
in the following, in the same way as was done for the gas and oil engines. 
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The useful work is found from the separate areas in Fig. 101 as 
follows — 

Area PiGDE = + Cj,{T-^ - (See page 177.) 

Area 'p^GBF = - . ^ ^ ^ 

Area ABFE == - ART. log, ^ 

This gives the useful work, per pound of mixture, as 

AE = - T^) - Av^if^ - - ARTo log, ^ . (439) 



,T .,1, RTi Pi F-, 1 . n 

Now with v, = — ^ and AR = c„ - 
Pi Po To 


Po 


we have AE = c^iT^ - T^) - (c^ - c^) {T^ - T^) - (c,, - ^oge - 

Po 


= c,{T^~To) - c^iT,-To) - (c^-cJTo logef 

T2 


The heat supplied during combustion is 

Qv — Cv{Ti — To) 

that the thermal efficiency is 


Ce(Ti - ^o) - Cj,(T 2 - To) - {c„ - Co)To log, 


nth = 


Po 

Pi 


c.{Ti~To) 


Po 


Cp(T.i - To) + (Cp - c„)To log, ^ 
Pi 


( 440 ) 


Ci.(T,-To) 
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with — = y, this gives 


rjth = 1 - ■ 




T. 


Pi 


With the relations 


T, 


ff=^XF;-F;=S“‘* 

y-1 y - 1 

= (^\ y = ^ 

'I'l \pi) [roPiJ 


1 


we have 


Vth = 1 ■ 


,PoJ 


-1-1 + 


7- 1 


2-303 log 


y 


Vi>o 


(441) 


(442) 


The thermal efficiency thus depends on both the compression ratio 
and the pressure ratio but chiefly on the former. With = 1, 
i.e. with no compression, 

1 


Vth = I ~y 



2k 

Po 


1 


Taking the same heat supply as in the gas and oil engine examples, 
namely 28 C.H.U./ft.^ at S.T.P., the temperature rise during com- 
bustion is about 1600° C., so that with tQ = 50° C. or Tq — 323° C. abs., 

T = 1600 + 323 = 1923° C. abs., and ^ ^ = 6-95. 

^0 ,Po , 

With this value, and compression ratios ranging from 1-5 to 10, 
equation (442) (with y = 1*3) gives the thermal efficiencies plotted in 
Fig. 181, which are to be regarded as first approximations only. 

As shown in the case of the gas and oil engines, these can be improved 
by multiplying by the correction factor 


^vih ^o) 

^vmlPl ^vmO^O 

y = 1*3, we have 0^ ■ 


l-98o 


6-62 


Since 


0-3 
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and the correction factor becomes 
6*62 
0*5 


0-75 + 


13000 


Since, in. this case, y is taken as 1*3 instead of 1‘4, the correction 
factor is larger than that required for the gas and oil engine. Its value 

for the above example is 

The exact determination is found as follows. The first area above is 
more correctly expressed by H^-H^ (page 176). The other areas remain 

C.H.U./n^af S.T.P. 

10 ' 20 30 40 so 60 



the same. Expressing all the quantities per ft.^ at S.T.P., i.e. per lb. 

(for which quantity the chart has been drawn), we have, for the useful 
work, 

AE = Hi- 0-0056Ti ^ 1 _ p j - 0-0129ro log 

and the thermal efidciency is 
AE 
Q 

The values are found from Eig. 180 with L = 50° C, and Q = 284 
C.H.U./ft.3 at S.T.P., and 

. = 1*5 2 


T, 


3 


5 


10 


15 
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which, with = 1, gives 

pQ — 1-5 2 3 5 10 15 atm. abs. 

We also have 


Pi Po ' Pi Po '" 

From Fig. 180 the combustion temperature is == 1650° C., so that 

= 5.95 and 

To 


^ = 8-92 11*90 17*85 29*75 59*50 89*25 

Vi 



Using the method explained on page 146, the entropy curve (f>^, along 
with the portable pressure scale, gives the temperature at the end of 
expansion, for which the corresponding total heats are 


Ha = 19*5 

17*9 

15*6 

13*0 

10*0 

S-3 

With Hi = 37-8, 0-0056 {T^- 


8 * 95 , and the compression works 

as 

0*725 

1*24 

1*97 

2*88 

4*12 

4-85 

we have, finally, 

EA = 8*65 

9*8 

11*3 

13*0 

14*8 

15*8 


0*35 

0*40 

0*46 

0*53 

0*56 

These values have also been plotted in 

Fig. 181. 

They are con- 


siderably in excess of those for the gas and oil engines. 
24— (5714) 




CHAPTER VII 

STEAM AT NORMAL PRESSURES 

SATURATED STEAM 

The properties of steam will be readily followed if its generation from 
liquid water be considered. 

Let water, contained in an open vessel, i.e. at atmospheric pressure, 
be supplied with heat. The temperature first rises to 212° P., after which 
boiling occurs. The pressure of the steam generated is equal to that of 
the atmosphere (14*7 Ib./in.^ abs.) and its temperature is the same as 
the water, i.e. 212° F. However great the heat flow, the temperature 
does not exceed this. 

If the pressure on the surface of the water be more than atmospheric, 
as when water is contained in a boiler, the temperature at which boiling 
commences is higher, as is also the steam temperature. The feed water 
supplied to the boiler must first be raised to this temperature before it is 
changed to steam. At pressures below 14-7 Ib./in.^ abs., e.g. in open 
vessels on high hills, or in closed vessels in which a partial vacuum 
exists, boiling commences at temperatures below 212° F. Thus water at 
68° F. boils if the pressure to which it is subjected be reduced to 
0*685 " Hg. 

The generation and existence of steam at a definite pressure (p) 
corresponds, therefore, to a definite temperature, called the saturation 
temperature.”* Conversely, any given steam temperature corresponds 
to a definite saturation pressure. Steam in the state in which it is 
developed from water is called saturated, and the discussions of this 
section deal only with such steam. 

The relation between the steam pressure Ps steam temperature 
in the saturated state is shown in Fig. 185. Here the pressures have been 
plotted to a base of temperatures. The steam tables at the end also show 
the corresponding values of and 

The latest and probably most accurate tests on these have been 
carried out at the German Imperial Institute, t Previous to this, Regnault’s 
values were generally adopted, and these are not greatly different from 
the latest results. Other tests have been carried out by Battelli, by 
Ramsay and Young, by Caillatet, and also in the Technical Physical 
Laboratory, Munich (Knoblauch, Linde, and Klebe).J See page 395 
regarding high pressure steam. 

* Evaporation is a steam generating process in which the free surface of the 
water alone takes part. It is dependent on the partial pressure of the vapour in the 
surrounding air and only ceases when this pressure becomes equal to the saturation 
pressure corresponding to the water temperature (when,, therefore, the surroundings 
air is saturated with water vapour). In open vessels, therefore, evaporation com- 
mences long before boUing, due to the low vapour pressure in the air. 

•f In the region between 0*^ C. and 50° C. by Scheel and Heuse, between 50° C. 
and 200° C, by Holbom and Henning, and between 200° C. and 374° C. by Holborn 
and Baumann. 

J See, e.g. Chwolson, Lehrhuch d&r Fhysih^ Wdrme ; Winckelmann, HandbtiQh der 
Physik; Zeuner Technische Thermodynamik, Also E.A., Z.Yd.l. No. 21. 
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A simple general equation which accurately satisfies the test results 
between the range 32° F. to 705*2° F. (critical) has not yet been established, 
but there are numerous formulae applicable to a small range -whicb agree 
satisfactorily with the test results. One such, which is also sufficiently 
simple for technical purposes, is 


The exactitude and limits of this equation can easily be found by 

plotting log jp g against — or . - . The region within which an almost 
JL g Ttui/ "I” I g 

straight line is thus given serves to indicate the limits of the equation. 
For the three regions between 70° F. and 212° F., between 212 and 400° F., 
and between 400° F. and 660° F. the following can be applied. 

{a) Between 70° F. and 212° F., 

4003 

log_pg = 7*1308 1 = — {ps in Ib./in.^ abs.) 

For very small pressures it is sometimes more convenient to deal 
with inches of mercury. For this 

logics = 7-4397 y — (Ps m inches Hg) 


(6) Between 212° F. and 400° F., 


= 6-8015 


3782-0 

T, 


(c) Between 400° F. and 660° F., 


logPs = 


An equation which applies to the whole saturated region up to the 
critical point has lately been established by Callendar.l With p in mm. 
Hg; it runs 

log p — const. - - 4*7174 log T 


+ 0*20956 log 



+ 0-001138 


in which the constant on the right is determined for a pressure of 760 mm. 
and a temperature of 100° C. See page 413 regarding the significance of 
z. The equation is theoretically valid but too cumbersome for practical 
calculations. 

* This is deduced on purely theoretical reasoning by Van der Waal. See also 
Z. V.dJ. (1905). Dieterici : Die kalor Eigenschaften des Wassers und seines Dampfes. 
In addition to these, there are numerous other formulae, which, however cannot be 
given here. 

t Engineering, 1928., 2 Nov., p, 567. H, L. Callendar, “Steam Tables and 
Equations.” 
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Specific volume Vs and specific weight ps* As the pressure of steam is 
increased its density increases, i.e. the volume of a given weight is reduced. 
If the pressure, volume, and temperature of saturated steam followed 
the laws of a perfect gas, then 


Psl 

or PsV. = BT s 

This equation shows the relations with fair accuracy. By taking the 
value of B for gaseous steam, namely 85*85, we have 

= 85*85 — (ps in Ib./ft.^) 

Ps 

If the volume be calculated from this, using corresponding T ^ and 
values, the result obtained is always less than that given by test results 
or the correct value from Clapeyron’s equation (page 426). Hence the 
density of saturated steam is always above that obtained by assuming 
the steam to behave as a gas, having the molecular weight of water. 
In the diagram II, at the end, the volume thus calculated is called the 
ideal gas volume. (Left half of the sheet, the ordinates are temperatures, 
and the abscissae specific volumes.) 

Numerous tests have been carried out to determine the specific 
volume of saturated steam. An exact direct determination presents 
special difficulties, since the least withdrawal of heat through the walls 
is accompanied by condensation of the saturated steam to water. 

The latest and most exact tests for pressures up to 11 atmospheres 
(156 lb./in.2) have been carried out in the Munich Technical Physical 
Laboratory.* 

These values have been used as the basis of the steam tables in the 
Appendix. 

The volume values in Zeuner’s older steam tables were calculated 
from Regnault’s tests on the pressure, temperature, and latent heat, 
using the Clapeyron-Clausius equation. They agree well with the Munich 
values. Using the same method, Henning, and more recently Jakob (up 
to 600° P.), found the saturation volumes of steam. They made use of 
the latent heats determined calorimetricaUy. 

The following equation by Mollierf holds with fair accuracy, 

33^*64 

Us = (p in ib./in.^ abs. and in ft.^/lb.) 

= 0*003006 p- 

* See Fig. 207, taken from Forsch, Arb.f vol. xxi (Thermal properties of saturated 
and superheated steam). Part I by Emoblauch, Linde, and Klebe ; and Part II by 
R. Linde. A very complete critical survey of other test results will also be found' in 
this volume. See also Z.V.dJ, (1911), W. Schiile (Properties of steam from the 
latest tests) ; and Forsch, Arh. 220, Eichelberg (The thermal properties of steam 
within technically important limits). Also Sehiile’s Vol. II, Tech. Ther. (Fourth 
Edition, Section 63). The results of these and other tests in Mimich have been 
collected and used in Tabellen und JDiagrammen fiir Wasserdampfy by 0. Knoblauch, 
E. Raisch, and H. Hansen (Munich, 1923, Oldenbourg). The tables extend to 
850 lb./in.2 and 450° C. 

t R, MoUier, New TcMes and Digrams for Steam. (Berlin, J, Springer, 1906.) 
Fifth Edition. The tables extend to 3560 Ib./in.^ abs. and 1060° F. 
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Within moderately wide limits, therefore, the density is almost pro- 
portional to the pressure. 

In Fig. 182 the steam pressures have been plotted to a base of 
specific volumes and densities. The volume line is hyperbolic in nature, 
while the density line passes through the origin and is almost straight. 
See also page 399. 

" Wet steam. AU that has so far been given on steam refers to the 
dry saturated state. In the normal generation of steam, however, small 
drops of water are carried up into the steam space and thus form a part 

i' Lb./ff^ 



of the steam mass. Even if this be avoided, drops of water are formed by 
condensation in the conducting pipes, due to the loss of heat. This can 
also occur in the engine cylinder. Since, on the formation of steam from 
water, heat may be absorbed without a rise in pressure and temperature, 
it follows that when heat is rejected by the steam, the pressure and 
temperature can remain constant, but a weight of steam corresponding to 
the amount of heat given up is reconverted to water. (See under “ Latent 
Heat ” regarding this.) Hence, in practice, saturated steam always con- ^ ; 
sists of a mixture of pure steam and liquid. It is then known as wet 
steam.’’ Its composition is given in fractional parts. The weight q of 
pure steam in 1 lb. of wet steam is called the dryness fraction (or specific 
steam weight). The weight of liquid in lib. of the mixture is then 
(1 - g) lb. and is known as the wetness or wetness fraction. Both q and 
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(1 - q) are frequently given as percentages. Thus q = 0*9 and (1 - g)= 0*1 
corresponds to 90 per cent pure steam and 10 per cent wetness. 

The volume of 1 lb. of wet steam is smaller than the volume of 
dry steam, for if a part of the latter be condensed at constant pressure, 
a reduction in volume occurs. This follows since the volume occupied 
by the condensed water is much smaller than that of the steam from 
which it is formed. The volume occupied by ^Ib. of dry steam is qv^^ 
while the remaining (1 - q) lb. occupies the volume 0-01602 (1 - q) ft.^ 
(11b. water occupies 0*01602 ft.^). Hence the volume occupied by 11b. 
of wet steam is 

V = qv ^ - q) 0*01602 

If, as is always the case in practice, the steam content be high, then 
(1 - q) 0-01602 is very small compared with q Thus if g = 0*75, which 
indicates a very considerable wetness, for steam at 



Fig. 183 


p = 2 100 200 lb./m.2 abs. 

t;, = 174 4-43 2-29 

qv^ = 130-5 3-32 1-72 

0-01602 (1-?) = 0-004 0-004 0-004 

Even in the case at 200 Ib./in.^ abs., the 
volume of the liquid is not J per cent of the 
total volume. Hence it is sufficiently accurate 
to take the specific volume of the wet steam as 

V = qv, 

or the specific weight p = 

The wet steam density varies inversely as 
the weight of dry steam content. The pressures 
and temperature of the wet steam are the same’’ 
as that of the dry saturated steam. 


Heat quantities involved in the generation and condensation of steam. 


The conditions under which water is converted to steam, or steam to 


water, affect the amounts of heat used or liberated. In the following it 
will be assumed that both processes occur at the boiling pressure 
Let the cold liquid water be subjected to the required boiling pressure 
and then boiled by supplying heat. This is similar to what occurs in a 
boiler, where the cold water is first brought to the boiler pressure by the 
feed pump and then supplied with heat. The work required to deliver 
the water from the atmosphere to the boiler will — as a fraction of the 
total energy of steam generated — ^first be neglected. 

An example of the reverse process, i.e. condensation of steam, is 
supplied by the condenser of a steam engine. In this case steam (at low 
pressure) is converted to water, which in turn is further cooled. During 
the complete change the pressure remains constant. 

The generation of steam from cold water thus really involves two 
processes — ^heating of the water to the saturation temperature and 
boiling (Eig, 183). In the same way during condensation there occurs first 
the conversion of steam to water, followed by the cooling of the water. 
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{a) Heating to the saturation temperature. The heat required to raise 
1 lb. of water from 32° F. to the saturation temperature is called the 
liquid or sensible heat h. If the specific heat be denoted by c, then 

Th == c{ts-32) 

The specific heat c can be assumed to be independent of pressure, but 
increases continuously with the temperature from about 70° F. up to 
the highest temperature at which water can exist (705-2° F.). 

Between 32° F. and 212° F. the differences are very slight. The mean 
specific heat in this region is therefore practically the same as the 


/*775 



true specific heat c. For technical purposes, therefore, we can take in 
this region 

c = = 1 

From this it follows that h = {t- 32). 

For higher temperatures, however, h > {t- 32) although the differ- 
ences for the usual temperatures adopted are not large. At 400° F., for 
example, h = 375-3 B.Th.XJ./lb. 

Fig. 184 shows the variation of c with temperature between 32° F. 
and 600° F. (1243 Ib./in.^ abs.). The values of h are given in Tables I 
and II at the end for temperatures ranging from 32° F. to 482° F. 

Dieterici* gives, for the true (instantaneous) specific heat of water 
between 122° F. and 570° F., 

c = 1-0007 -.0-0000985515 + 0-0000006398^2 
and the mean specific heat, 

== 1-0007 - 0-00004928^ + 0-0000002133^2 
* Z. V,dJ. (1905), page 362. 
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The values found from tests in the German Imperial Institute* differ 
slightly from these, as shown by the following — 

32° F. 41 50 59 68 77 86 95 104 113 

c = (1-005) 1-0030 1-0013 1-0000 0-9990 0-9983 0-9979 0-9979 0-9981 0-9996 


The volume a of water also increases when heat is supplied to it.f 
At 212° F. the increase is 4*33 per cent of the volume at 39*2° F. (4° C.), 
at 400° F. 16*4 per cent, and at 572° F. as much as 38-7 per cent. The 
mean coefficients of expansion per ° F. between these limits is thus 


0*0433 1 . 0*164 _ 1 . 0-387 

172-8 “ 3980 ^ 360*8 ” 2240 ’ 532*8 


1 

1380 


and hence show that the 


volume of the water increases considerably as the temperature rises. 

The difference between the volume of the saturated steam at 
and that of the water at 32° F. (Ugg) gives the increase in volume caused 
by the total supply of heat while the volume increase due to boiling alone 
is 2^5 - O'. In the usual cases met with in practice it is sufficiently accurate 
to take or = 0*01602, but for pressures over 45 Ib./in.^ abs. and below 
225 Ib./in^ abs., where great accuracy is required, a may be taken as 
0*0176. For very high pressures see page 399. 

The proportional volume increase in steam formation is vja. At 

0(3. Q ] .Q 

212° F. this is ’ = 1610, and at 400° F. - = 100. Due to the 


increase in volume of the water during heating under saturation pressure, 
the water delivers the expansion work 144^^ {a - Ugg), or, in Fig. 183, the 
work done by the piston as the volume changes from 0*32 to a. This part, 
which, after heating, does not remain as heat in the water but is stored 
externally as potential energy, forms only a very small fraction of the 
liquid heat. Even at 401° F. (250 Ib./in.^ abs.) it is only 
144 V 250 

A^la- <732) = (0*0187 - 0-0160) = 0*786 B.Th.U./lb. 

77o 

whereas the sensible heat is ^ = 376 B.Th.U./lb. 

(b) Boiling. When the water is raised to the saturation temperature, 
boiling commences. All the additional heat added goes to form steam, 
without any change in temperature. The heat L required to completely 
boil 1 lb. of water at the saturation temperature is called the latent heat. 

During boiling all the heat L is converted to work. On the one 
hand, the external work performed in overcoming the pressure as the 
volume increases from or to is 144^5 (?;s - a) ft. lb. (in Fig. 183 this is the 
work of the piston as the volume changes from o* to g) . The corresponding 
heat equivalent is 144 a), which is known as the external heat 

of formation. 

This amount, however, as shown by test, is only a small fraction of L. 
Hence the amount 

^ ” 773 ^ ® ® P ’ 

disappears in the steam. This can only be accounted for by the work 
required to change the state of aggregation of the molecules, which is thus 
778pft.lb. 

* Holbom, Scheeb and Henning. Heai TcMes, page 60. 

f This statement holds except between 0° and 4° C., where the volume decreases 
on the addition of heat. 
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The latent heat has thus to be regarded as the sum of the external 
and internal work of formation, i.e. 


Of these two parts, the internal heat of formation is by far the greater, 
in spite of the considerable increase in volume during evaporation. This 
is clear from Fig, 185. The dotted line divides L into the two parts. 

The total amount of heat required to produce 1 lb. of dry saturated 
steam from water at 32° F. under a constant saturation pressure is thus 

H = h + L 

This quantity is called the “ Total Heat.” It is the amount of heat 


Eeafs (h, H, I, ft IX and Temp, of 

Safupofed Steam, 



which has to be transferred from the furnace of a boiler to every pound of 
feed water when this enters at 32° F. and leaves as dry saturated steam. 

If, as is always the case, the feed water enters the boiler at a tem- 
perature above 32° F., the heat which has to be delivered is less than 
the above, the difference being equal to the sensible heat at the feed 
temperature so that 

If the steam is wet on leaving the boiler, a further amount has to be 
deducted. See below. 

Values of the latent and total heats. The most reliable of the older 
values of J3* were those given by Regnault. They were adopted in Zeuner’s 
steam tables and are closely given by 

H = 1082 + 0*305^, B.Th.U,/lb. 
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The latent heat is given from this, on assuming A = (^5- 32), by 
L = 1114-0'695^s 

It will be seen from this that L is large compared with the sensible 
heat. 

For ^ ~ 212° F. we have, for example, 

I = 180 
L 967 

i.e. the heat required to evaporate 1 lb. of water at 212° F. is 5-37 times 
greater than that required to heat water from 32° F. to 212° F., and the 
total heat necessary to produce 1 lb. of steam from water at 32° F,, and 
at constant atmospheric pressure, is about 1147 B.Th.U. 

In addition, Regnault’s tests showed that the latent heats decreased 
as the steam temperatures, and consequently pressures, were increased. 
At 400° F. i= 836 and is thus 131 B.Th.U., less than the value at 
212° F. 

On the other hand, H increases steadily up to pressures of about 
500 Ib./in.^ abs., although the increases are relatively small. At 400° F., 
H = 1204, against 1147 at 212° F. Hence, within the limits of pressure 
normally used in boiler practice, the variation in i? is slight, i.e. the heat 
required to generate 1 lb. of steam at these pressures is almost constant. 
See page 405 regarding high pressures. 

The latest and most accurate experimental work on latent heats 
carried out in Germany is that of the Physical Technical Reichsanstalt.* 

They agree closely with Regnault’s total heat values, which are only 
about 0*4 per cent smaller for temperatures above 212° F., less than 
0*1 per cent smaller between 160 and 212° F., and 0*6 to 1 per cent greater 
below 160° F. The steam tables at the end show the Reichsanstalt values 
for L (up to 550° F.), and the Et values are obtained from these and Ti, 
using Dieterici’s values for the specific heat of water. See page 397 for 
high pressures. 

Feed pump work and thermal potential at constant pressure. The heat 
energy required to pump the water into the boiler is, neglecting frictional 
losses, 

where is the atmospheric pressure. 

This quantity is exceedingly small compared with the heat required 
to form the steam. For p = 300 Ib./in.^ abs. it amounts to only 
144 

— (300 - 15) 0-016 = 0-85 B.Th.U./lb. 

Since the feed pump energy is only indirectly — and sometimes not at 
all — supplied by the heat in the boiler steam, and since actually it is 
much greater than the ideal valuef when expressed in terms of the heat 

* F. Henning- Latent heat of water and the specific volume of steam between 
30° C. and 180° C. Z,V,dJ, (1909), page 1768. Also Z.V.d.I. (1929), page 504. 
M, Jakob. Latent heat of water and the specific volume of saturated steam up to 
210° C. and (page 629) between 210° and 250° C. 

f E.g. when steam is taken from the boiler to operate a feed pump, or when the 
feed pump is driven from the engine shaft. 
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from the furnace, it is customary, and advisable for the sake of clarity, 
not to include it in the energy required to generate the steam. 

By thermal potential is meant 

+ A:pv 

and since I ~ h + p and v = for diy steam 

we have H' = A + p + Apv^ 

= h + p + Ap{v^ -a) + Apa 

The sum of the first three values is H, so that 

H' =H + Apa 

The thermal potential is thus greater than the total heat by the 
small amount Apa, which at high pressures is practically the same as 
the feed pump heat. 

Internal energy of steam. During boiHng the work Ap{Vs - a) is 
delivered to the outside (external heat of formation), while the portion p, 
required to perform internal work, remains in the steam. The sensible 
heat h also remains in the steam after boiling. Hence, of the total heat 
supplied to the steam, the quantity h p remains as energy in the 
steam. 

This quantity 

h + p = i 

is known as the energy or internal energy of the steam. 

This value is of importance in the case of the adiabatic expansion of 
steam, the work of which comes entirely from I (page 379), and in the 
case of condensation of steam at constant volume (page 385). The 
values of I for dry saturated steam at different temperatures are shown 
in Fig. 185. 

The heat Ap(Vs - a) delivered to the outside as expansion work during 
boihng is not to be regarded as lost, for if the steam be later condensed, 
at the constant pressure p g, the heat equivalent of the work done as the 
volume contracts is redelivered by this external pressure in the same way 
as when a gas is cooled (page 92). See also Fig. 183. It is only when 
condensation is carried out in this way, i.e. under a constant pressure 
equal to that at which evaporation occurred, that the heat given up by 
the steam (or the heat required to liquefy it) is exactly the same as 
that given to it during its formation. 

If, however, the evaporation occurs at constant pressure (i.e. with 
increasing volume) and condensation at constant volume (i.e. with 
decreasing pressure) then the heat liberated is, in this case, less by the 
amount Aps{Vs- a). For this reason a pressure below atmospheric exists 
in the steam space by virtue of which the external air pressure could 
deliver extra work. 

Wet steam. The heat per unit weight contained in wet steam is less 
than that in dry steam. Since 1 lb. of dry steam requires the total heat 
h + L for its formation, the heat required for g lb. of dry steam is 
q{h + L) B.Th.U., and the heat required for (1 - q) lb. of moisture is 
(1 -g)^B.Th.U. Hence the total heat of 11b. of wet steam, reckoned 
from 32° F., is q(h + L) + Ji{l - q\ or 

Hyj = h A- 
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If the volume of the steam is v, we have also 
H^ = h + qp + Ap{v - a) 

since h is the same whether the steam be wet or dry, while the internal 
heat of formation is only g^/oB.Th.U. and the external only Ap{v~G) 
B.Th.U. 

The total heat of wet steam is A + L - L{\ - q), and is thus L{1 - q) 
B.Th.U. less than that of dry steam. If now the temperature of the feed 
water is the total heat supply to produce 1 lb. of wet steam of quality 
q is 

W = H-\-{l-q)L 

in which H, Iiq, and L are obtained from steam tables. 

Thus, for steam at 150 Ib./in,^ abs., with q — 0’95 and a feed tem- 
perature of 60° T., 

R - 1193-1 -28 -0-05 x 862-2 
= 1122-0 B.Th.U./lb. 

The energy of wet steam is given by the sum of the liquid heat h 
and the internal latent heat qp, i.e. 


Example 1. A steam pressure gauge on a boiler shows a pressure of 
107 lb./in.2 Find the steam temperature if the barometric pressure is 
28" Hg. 

The absolute steam pressure is 107 + 0-491 X 28 
= 107 + 13-75 = 120-75 

Hence, from the steam tables, the temperature is 

•75 

t = 341-2 + X 3-3 = 341-2 + 0-5 = 341-7 
o 

(Interpolation.) 

Example 2. Find the weight of 350 ft.^ of wet steam at 100 Ib./in.^ abs. 
with q = 0*88. 

From the tables, 1 ft.^ of dry steam at 100 Ib./in.^ abs. weighs 0-2260 
lb. 

With q = 0-88, therefore, the weight of 1 ft.^ of the wet steam is 
0-2260/0-88 = 0-257 lb. and the weight of 350 ft.^ is 90-0 lb. 

Example 3. The consumption of a 1000 h.p. steam turbine is 15-4 lb. 
of saturated steam per h.p. hour. The steam has to leave the guide 
blades, both in the high pressure and low pressure sections, with an axial 
velocity of 325ft./sec. Find the cross-sectional areas (a) in the high 
pressure section with p = 105 Ib./in.^ abs. and q = 0-95, (&) in the low 
pressure section with p = 1-0 Ib./in.^ abs. and q = I- 

Steam per hour = 1000 X 15-4 ==: 15400 lb. 

Steam per sec. = 15400/3600 = 4-28 lb. 

(e) Volume of 1 lb. at 1051b./in.^ abs. is 4*212 ft.^ for dry steam, and 
for the wet steam 4*212 X 0-95 = 4-00 ft.^/lb. Hence the volume of 
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4*28 lb. = 4-28 X 4-00 = 17*12 ft.^/sec. For a velocity of 325 ft, sec. the 

. .. 17-12 144x17*12 , 

area required is ft.^ = — — = 7 *d 8 in.^ 

OajO o20) 


(6) At 1 Ib./in.^ abs. the specific volume of dry steam is 333*0 ft.^/ib. 


. 333*0 X 4*28 X 144 
JtLence the necessary area is 


631 in.^, i.e, about 


83 times greater than in the high pressure section. 

Example 4. A boiler supplies steam at 1151b./in.^ abs. to an engine 
developing 100 h.p. with a steam consumption of 20 Ib./h.p. hour. Find 
the heat transferred from the furnace to the boiler water per hour. 
Temperature of the feed, 50° F. 

Steam used per hour, 20001b. From the tables, the total heat of 
the dry steam for feed water at 32° F. is 1189*4, and therefore for feed 
water at 50° F. it is 1189*4 - (50 - 32) = 1189*4 - 18 = 1171*4 B.Th.U./lb. 
Hence the steam takes up 1171*4 x 2000 = 2,342,800 B.Th.U./hour. For 
a boiler efficiency of 70 per cent, and coal having a calorific value of 
13,000 B.Th.U./lb., this corresponds to a coal consumption of 


2342800 
0*7 X 13000 


258*0 lb. per hour. 


Example 5. In the cylinder of an engine which is supplied with dry 
saturated steam at 140 Ib./in.^ abs. the steam on entering becomes 15 per 
cent wet, due to the cooling effect of the cylinder walls. How much of 
the heat carried in by the steam is transmitted to the walls ? 

The total heat in lib. of dry steam at 140 lb. /in.- abs. is 1192 
B.Th.U./lb. Hence the minimum heat given to the walls is the latent 
heat in 0*15 lb. of steam, which, from the tables, is 0*15 X 867 = 130 
130 

B.Th.U. or X 100 = 10*9 per cent of the total heat. 

Example 6. A heating system using low’- pressure steam at 16 ib./in.- 
abs. requires 400,000 B.Th.U. per hour. Find the weight of steam 
supplied to the heating element per hour — 

\a) If the condensate is returned to the boiler at saturation tem- 
perature. 

(6) If the condensate leaves the heating element at 176° F. and 
drops a further 50° F. on its passage to the boiler. 

{a) The latent heat L is required for each pound of steam condensed. 
For steam at 16 lb. /in.^ abs. this is 968*5 B.Th.U. Hence the heating 

element requires 1^* steam per hour. If no heat loss occurs 

between the boiler and heating element, and from there back to the 
boiler, all the steam heat is employed usefully and the efficiency of 
heating is 100 per cent. The heat taken up by the steam in the boiler 
per hour is 400,000 B.Th.U. 

[b) The heat dehvered by the steam in the heating element is 
968*5 + (216 - 176) = 968 + 40 = 1008 B.Th.U./lb. The feed water, 
however, enters the boiler at 126° F., so that the heat necessary there is 
968 + 216 - 126 = 1058 B.Th.U./lb. 
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Weight of steam required 

_ 400000 
~ 1008 

• 1008 

Efficiency = Yakq = 


397 lb. 


Example 7. A low pressure turbine uses 44-2 lb. of steam at 16 Ib./in.^ 
abs. per kw. kour. The moisture content of the steam is 24*5 per cent. 
What would be the consumption if the steam were initially dry ? 

The total heat of dry steam at IGlb./in.^ abs. is 1153 B.Th.U./lb., 
and for feed water at 60° E. this becomes 1125 B.Th.U. The total heat 
of wet steam with l-g = 0*245 is 0*245 X 968*5 = 233 B.Th.U. less, 
and is thus 1125-238 = 887 B.Th.U. 

44*2 X 887 

Hence the required consumption is p— - — = 34*2 lb. per kw. 

hour. 

Example 8. TFi lb. of cold water at F. enter a water purifying 
unit and mix there with lb. of dry saturated steam supplied by the 
boiler. The purified water at f F. is now supplied to the feed pump of 
the boiler. Express the weights and in terms of the total weight 
IF = TF, + W^. 

The fresh water supply is heated from Iq to ^° F. and thus takes up 
lFi(^ - ^o) B.Th.U. of heat. The steam condenses and the condensate cools 
to f F., so that the heat given up is IF 2 - 32) | . These two heat 

quantities are equal, giving 

lFl(^-g = \H- 


Again, since 

= TF- TFi 


it follows that 




W \H- 


and 


IF. = 


IF U- 


For example, with Iq = 60° F., t = 140° F., H — 1192 B.Th.U./lb. 
(for f = 140), __ 

s-(i40-: 


L»2-(60-32)f 

IF 2 = *068 


= *932 IF 


Example 9. In a jet condenser the ratio n of the weight of coohng 
water to the weight of steam condensed is found as follows — 

At the end of expansion in the engine cylinder let the steam pressure 
be and the quality q^, so that the total heat is q^)L. 

If now the steam enters the condenser without performance of work, its 
thermal potential does not alter. This means that the total heat also 
remains practically constant. Hence, each pound of steam brings in the 
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heat qe)Le, and since it is condensed it gives up tMs heat, less 

the sensible heat at i.e. H,- {I -- q,)L, - ~ 32). The cooling water 

takes up the heat - ^g), and, since the two heat quantities are equal, 

Hq — (1 — — (t^ — 32) = — (q) 


giving n = 

The pressure lies between 10 and 20 Ib./in.^ abs., so that lies 
between 1144 and 1158 (average about 1150) and between 983 and 
961 (average 970). 



This gives n 


1150 -(l-g,) 970 -(^^~ 32) 

+ -f- 


If, for example, = 95° F. and = 130° F. 


then 


82 + 970?e 
35 


Assuming the steam dry on entering the condenser, i.e. if g = 1, we 
haxe «. = 30 lb. 
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If, on the other hand, it is wet with == 0*75, then = 23 lb. 

The two assumptions give results which differ considerably. In a 
preliminary investigation it is customary to make the first assumption, 
which errs on the safe side. In actual tests of engines the true value of 
will have to be introduced. 

Changes in the dryness fraction of steam caused by changes of state. 
Curves of constant <iuality. The state of wet steam is determined by its 
pressure (saturation pressure) and by its quality or 1 - q). Since the 
specific volume is determined by the latter, it follows that the state of 
the steam is also given by the pressure and volume. 

By plotting simultaneous values of p and v on a co-ordinate field 
(Pig. 186) the point A for wet steam lies within the field bounded by the 
dry saturated curve, since wet steam occupies a smaller volume {OA) 
than dry steam (Odg) for the same pressure. The dryness fraction is 

CA AA 

given by the ratio and the wetness by 

Or, more exactly, from page 358, 

^ + (1 


giving 


2 


V - a 
a 


If the specific volumes a of the water corresponding to the different 
pressure or temperature values be plotted in Fig. 186, then 

A^A 

q = 

The difference for normal steam pressures is negligible.* The curve of 
water volumes is called the lower limit curve. 

If the steam expands in any arbitrary way, such as shown by the 
line AAj^, the quality generally changes. Thus the quality at A. is higher 

C A 

than at A, and is given by . Hence between A and Aj^ a partial 

evaporation of the moisture has occurred. 

If a line AA\ be plotted in Fig. 186 in such a way that A\ divides 
iJ-si in the same ratio as A divides GAg, then the quality is constant. 
AA\ in Fig. 186 has been drawn for a moisture content of 35 per cent 
(q = 0*65). From this line it can be seen at once whether steam, in 
expanding from A, alters its quality in any way. Thus along the dotted 
line AB^ increase in wetness occurs. The same takes place along the 
vertical below A (cooling at constant volume). Along the horizontal 
from A to the right evaporation obviously occurs. 

With compression from A along AA^ the wetness increases, while 
the reverse occurs along AB^. 

Hence, when wet steam expands or is compressed, either evaporation 
or condensation can occur, depending on the course of the state change. 

If, starting from A, expansion occurs according to a definite law, 
with an increase in moisture content, then, on compressing from A, 

* See Fig. 221 for CO^ and Fig. 210 for high pressure steam. 
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according to tlie same law, a decrease in moisture content occurs, and 
vice versa. 

Steam originally dry, as at A^, will, on expansion, always become 
wet if tbe state curve runs below the dry saturated limit curve ; in com- 
pression it can become superheated (e.g. in adiabatic compression). 

Curves of constant quality are similar to the dry saturated curve, and 
hence also follow the law = C, 

In Fig. 193, which shows the diagram taken from a condensing steam 
engine operating on saturated steam, the volume curve of dry saturated 
steam is plotted from the weight of steam used per stroke. The true 
volume curve shows the steam to be wet throughout expansion. The 
quahties q have been plotted to a base of piston position. See also page 
513, example {a), 

SUPERHEATED STEAM 

If the dry saturated steam be removed from the boiler to a separate 
unit and heated there, its volume increases and its temperature rises 
above the saturation tempera- 
ture corresponding to the boiler 
pressure. Let the superheater 
space be in free communication 
with the steam space of the boiler 
(as always occurs in practice) 
then the pressure in the super- 
heater will equal that of the 
boiler. 

Fig. 187 shows the arrange- 
ment vdth the necessary valves, Fig. 1S7 

etc., omitted. Saturated steam 

is supplied from the dome to a header F, to which are fitted a series 
of pipe coils. These form the superheater proper and finish in another 
header 8, from which the steam supply is fed. The steam enters the 
header V at the boiler temperature tg, is heated as it flows downward, 
and enters the header S at the temperature t > Since its volume 
simultaneously increases from to v, it leaves the superheater vith 
a velocity greater than that at V. 

Whether the steam be heated by the w^aste gases of the boiler or by 
a special furnace, the properties of the hot steam, which alone are dealt 
with here, remain the same. 

Superheated steam can, therefore, be defined as steam possessing a 
temperature above its saturation temperature. Thus, if steam at 125 
lb./in.2 abs. has a temperature of 600"^ F., its range of superheat is 
600 - 344 = 256° F. ; if for the same temperature the pressure be 
75 Ib./in.^ abs., then the range of superheat is 600 - 308 = 292° F. 

The superheated state can also be recognized from the specific volume, 
since the volume of steam increases during superheating. Steam is super- 
heated if, at a given pressure, a definite weight occupies a greater volume 
than that occupied by the same weight of dry saturated steam, or if, in a 
given volume, the weight of steam is less than would be occupied by dry 
saturated steam at the same pressure. Thus atmospheric vapour is usually 
superheated, and it is only when clouds or mist are formed that the vapour 
becomes saturated. (Superheated steam is also called unsaturated.) 

25— (5714) 
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Total heat. In order to produce superheated steam there must be a 
supply of dry saturated steam at the same pressure, hence the heat first 
required is h +'i. To this is added the superheat. 

The general relations of steam in the superheated region are closely 
related to those of a gas. Part of the superheat is required to efiect the 
rise in temperature, and the remainder to perform the expansion work. 
The total amount of heat required to raise the temperature of 1 lb. of 



Fig. 188 


superheated steam through F F. is called — as in the case of gases — ^the 
specific heat at constant pressure 

It was previously assumed that Cp was independent of the temperature 
and pressure and had the value 048. It is now known — from the tests of 
Kjioblauch and Jakob, and later tests carried out in Munich — ^that this 
assumption is not vahd. Cp increases with the pressure when the tem- 
perature is kept constant. If the pressure is kept constant, Cp first 
decreases from the saturation point with increasing temperatures, and 
then slowly increases. (See Fig. 188.) 

The superheat can be found from the mean specific heat value and 
the temperature rise, as shown for the case of variable specific heat dealt 
with on page 47. The values of (Cp)^ have been found from the curves 
of Fig. 188, by Knoblauch, for the different pressures and temperatures. 
Compare the following table. The values hold between the saturation 
temperature (given below the pressures in second line) and the super- 
heated steam temperatures (given in the first vertical column). 
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The total heat can now be found from 


H' = h + L + - h) 

MEAN SPECIFIC HEAT VALUES FOR SUPERHEATED STEAM 


Ilj. ^ 

10 

15 

30 

60 

90 

120 

150 

180 

1 j 

1 210 } 240 

270 

‘ 300 


193‘3 

213-0 

250-3 

292-6 

320-4 

341-2 

j 358-5 

373 1 

1 386-1 ; 397-6 

407-7 

; 417-4 

^ps 

0-482 

0-487 

0-500 

0-528 

0-555 

0-584 

0-612 

0-643 

0-675 i 0-708 

' 0-743 

0-779 

250® F. 

0*477 

0-484 

— 

— 

— 

— 

' — 

— 

1 ~ 1 — 

; — 

i — 

300° F. 

0-473 

0-480 

0-493 

0-523 

— 

— 


— 

1 ! 

^ — 

! 

350° F. 

0-470 

0*475 

0-489 

0-516 

0-545 

0-578 

0-611 


— 1 ~ 

— 

: — 

400° F. 

0-469 

0-474 

0-486 

0-508 

0-533 

0-560 

0-589 

0-622 

0-662 0-705 

— 

__ 

o 

O 

0-469 

0-472 

0-483 

0-503 

0-525 

0-545 

0-569 

0-595 

0-622 0-654 

0-687 

0-724 

500° F. 

0-469 

0-472 

0-482 

0*499 

0-518 

0-537 

0-556 

0-577 

0-598 j 0-621 

0-646 

0-670 

550° F. 

0-469 

0-472 

0-481 

0-497 

0-514 

0-529 

0-546 

0-565 

0-582 j 0-602 

0-620 

C-639 

600° F. 

0-471 

0-473 

0-481 

0-495 

0-510 

0-525 

0-539 

0-555 

0-570 1 0-586 I 

0-602 

0-618 

650° F. 

0-471 

0-474 

0-481 

0-494 

0-509 

0-520 

0-534 

0-548 

i 0*561 j 0-574 i 

^ 0-589 

1 0-602 

o 

o 

0-471 

0-475 

0-482 

0-495 

0*507 

0-518 

0-531 i 

0-542 

0-553 1 0-566 ! 

0-578 i 

0-592 

750° F. 

0-471 

0-477 

0-484 

0-495 

0-506 

0-516 

0-529 I 

0*537 

0-549 1 0-560 ; 

0-571 

0-586 

o 

o 

00 

— 

— 

0-485 

0-495 

0-506 

0-516 

— ; 


— i ~ ! 

— ! 

— 

850° F. 

— 

— 0-4S6 

0-496 

0-506 

0*515 

— ^ 

- i 

— : — ' 

— i 

— 

900° F. 

~ 

- 

0-487 

0-497 

0-506 

0*515 

— 1 

1 

i 


— ; 

— 

950° F. 

— 

— 

0-488 

0-498 

0-506 

0*514 

( 

— 1 

— 1 — 1 

~ j 


1000° F. 

— 

— 

0-490 

0-499 

0*507 

0-513 

— 1 

— i 

! i 

i 



The equation of state. In the case of saturated steam each pressure p 
has a corresponding temperature and, if dry, a corresponding specific 
volume. Superheated steam, on the other hand, can have any volume 
and any temperature above the saturation values. The three magnitudes 
of state p, V, and T are related to one another — like gases — by an equation 
of state or characteristic law. The usual characteristic equation for gases, 
pv = BT, however, does not show agreement with the results obtained 
by test, particularly near the saturation region. 

From the Munich tests an equation, valid within the region investi- 
gated and showing the inter- dependent relationships with great accuracy, 
has been established. As given by Linde (Forsch, Arb. 'Eo. 21), 

pv = BT-p{l+ ap) - i) j ; (jp in Ib./ft .2 T in. °F. abs.) 

where B — 85*85, cl — *00001, C — 0*4966, D = 0*0833 

R. Linde suggests the following approximate equation as suitable for 
practical work, especially in finding the specific volume or density from 
the pressure and temperatxires. 

pv = S5'S6T - 0‘266dp 

or p(v + *2563) = 85*85T (for ^ in lb./ft.‘^ abs.) 
p{v + *2563) = *5962^ (for p in Ib./in.^ abs.) 
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The equation in this form is similar to the gas equation, the only 
difference being the additional term 0*2563^. 

The specific volume at a given pressure and temperature is thus 


V = - 0*2563 or - *2563 (for p in Ib./in.^ abs.) 

p 

and the density is 

p = For p in Ib/in.^ abs. this gives 


144 

85-85T 


p 


-36-9 


These relationships lose their validity entirely when the steam, on 
changing its state, enters the saturation region. This is the case whenever 
p and t?, or p and Ty ot v and T assume values which correspond to those 
given in the saturated steam tables. In Fig. 182 the curve given by the 
corresponding pg and values from steam tables separates the super- 
heated field from the wet field, and is therefore called the limiting curve. 
Its equation is given very closely by 

pi5/i6 = 332-64 

Example 10. Find the quantity of heat required to superheat 1 lb. 
of dry saturated steam at 1501b./in.^ abs. to a temperature of 700° F. 
Find the percentage excess heat in this superheated steam over that of 
the dry saturated steam. 

The temperature of the saturated steam is 358*5° F., so that the 
range of superheat is t-tg = 700- 358*5 = 341*5° F. The specific heat 
between 358*5 and 700 and for p = 150 is = 0*531, hence the 
superheat is 0*531 X 341*5 = 181 B.Th.U. 

The total heat of the dry saturated steam is 1193*1 B.Th.U. so that 
the total heat of the superheated steam is 1193*1 + 181 = 1374*1 

181 

B.Th.U. The percentage excess of the latter is thus - ^ X 100 = 15*15. 

Example 11. As a rule the temperature of superheated steam, as 
supplied to engines, does not exceed 650° F. Find how much greater 
the volume of this steam is compared with the volume of dry saturated 
steam at 15, 60, 120, and 180 Ib./in^ abs. 

A.KQft^/TT 

Since -y = - - - 0*2563 and T = 460 + 650 = 1110° F. abs. 

p 

for 


p = 15 

60 

120 

180 

= 43*84 

10-76 

5-25 

3-42 

For dry saturated steam, 




= 26-27 

7*159 

3*710 

2*522 

Hence the volume increases 

are 



II 

03 

-4 

1-50 

1*42 

1-35 
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As a rough check, the superheated steam can be treated as a gas, so 
V T 

that — = — . Thus, taking a pressure of 120 abs., for which 

^ s s 

= 460 + 341-2 = 801-2 


1 ^ ly:® 

801-2 


1-39 


Example 12. Superheated steam at p Ib./in.*^ abs. and f F. is used to 
heat an equal weight of wet steam at p' Ib./in.^ abs. having a quality q. 
How much moisture is converted to steam if the temperature of the 
superheated steam drops to F. ? Assume that p and p' remain constant. 

Let be the mean specific heat of the superheated steam between 
the saturation temperature and the temperature and the 

mean specific heat between and 

The heat given up by the superheated steam is then 


The heat required to increase the dryness fraction of the wet steam 
from q to is L{q-^ - q). 


Hence q^-q z=z 


^s) ^ s) 


Taking, for example, p = 150 Ib./in.^ abs., t = 650® F., ~ 550° F., 

p' = 14-7 Ib./in.^ abs., gives = 358-5, = 291-5, and ~ i^= 191-5. 

Also = 0-534, = 0-546, and L = 971*4. 

T-r 0-534 X 291-5-0-546 x 191-5 

Hence q^-q = 

= 0-053 

The dryness is therefore increased by 5-3 per cent. 

For practical work can be taken as 0*534 between 650 and 
550° F., giving 

0-534 X 100 
^ ~ 971-4 “ 


Entropy of steam. On page 123 et 56g. the conception of entropy was 
established from the known behaviour of a perfect gas. The treatment in 
the case of vapours, however, has to be reversed. It is only by first 
assuming that the conception of entropy is known and applicable to 
vapours that the changes of state of these substances can be theoretically 
followed. The general significance of the conception of entropy, and its 
validity for all types and states of substances, followed from the second 
law of thermodynamics (see page 167 et seq,). The statement that the 
conception of entropy, as established previously for gases, applies also to 
vapours in any state, is merely equivalent to an expression of the second 
law as applied to changes of state of vapours. These changes were only 
completely understood after Clausius had developed the entropy conception 
from this law. 
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{a) Saturated steam. As shown on page 167, the amount of heat 
received or rejected by unit weight (of gas or vapour) in any small change 
of state is ^ 

where T is the instantaneous absolute temperature and d<f> the small 
change of entropy. 

The entropy is a magnitude which depends only on the instantaneous 
state of the steam, and is, therefore, defined by the values p, v, and T 
corresponding to this state. The path by which the steam arrives at this 
state has no effect on Hence, when it is not possible to determine (f> 
from the general relations between p, v, T, and Q owing to the exact 
relationship between these being unknown, use may be made of any 
particular change of state, the course of which is knowm. It is usual to 
take the entropy of water at 32^ F. or 492*^ P. abs. as zero, and hence the 
entropy in any other state can be found from the processes of heating 
and boiling at constant pressure, for which exact data are furnished by 
test. 

The growth of entropy for a small part of the change of state is, 
in general, d(f> 

The cold water, which is subjected to the boiler pressure, has first to 
be raised to the boiling temperature T Assuming the specific heat of 
water to be constant and equal to unity 
gives dQ = cdT = dT B.Th.U. 

The corresponding increase in entropy is 
dQ^dT 
T "'“T 

dT^ dT^, dT^ 

5T’ '^3 


d4 = 


By summing the successive increments 
abs. to Ts, the total entropy increase is 

T. 


from 492° F. 


<f>io = log* 

(entropy of water), or 


492 


= 2-303 log 




Hence the water line on the temperature entropy diagram is repre- 
sented by a logarithmic curve (as in the heating of a gas at constant 
pressure or volume), Fig. 189. The area below AqA^ is the sensible heat h. 

During the ensuing evaporation at constant pressure the temperature 
remains constant, and this isothermal change of state is represented by 
the straight line A^A^ corresponding to an entropy increase The heat 
absorbed during this change, i.e. the latent heat i, is given by the 
rectangular area below A 1 A 2 . This is equal to T s<i>\ so that 


and 

(Entropy increase during boiling.) 
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The total increase in entropy from water at 32° F. to dry steam at 
460 is thus 

9^ = 2-303 log + A 

Entropy of the dry steam. The entropy of 1 lb. of wet steam having 
the quality q is found by considering the heat required to produce it from 



Fio. 189 


water at 32° F. The w^hole pound of water has to be heated to T ^ while 
^ lb. of steam are formed, hence the entropy is 

cf>, = 2-303 log + f- 

In Fig. 189 the ratio of the distances JiF = qLjT ^ and AiA 2 ^ = LjT ^ 
gives the dryness fraction. 

By calculating the entropy of dry steam in this way and plotting their 
values against T as ordinates, the curve Ac,B is obtained. (Saturation 
curve on T(j> diagram.) 

In addition, by dividing the horizontal distances between the water 
and saturation curves in the same ratio, curves of constant quality are 
obtained. Three such curves are shown in Fig. 189 with q — 0*8, 0-5, 
and 0-3. 
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In Kg. 198 the saturation curve has been plotted to a larger scale. 
Curves of constant quality are shown and intermediate quality curves 
can be interpolated. The water curve has been omitted owing to the 
larger scale used. 

The area below any curve on the Tcf) diagram down to the abscissae axis 
represents — as in the case of gases — ^the heat added or withdrawn. Thus 
the area OAqA^A\ (Fig. 189) gives the sensible heat at ; the rectangle 
A-^A^A’.^A'-^ gives the latent heat L; the area total heat 

of the dry steam ; the area under OAqAj^F the total heat of wet steam 
with g = 0*8 ; the area under AqHK the total heat of wet steam at the 
state E (for which q = HKIHB) ; the area under FG the heat added as 
the steam expands at constant quality from F to or the heat withdrawn 
as the steam is compressed at constant quality ; in the same way the area 
A 2 BB'A\, is the amount of heat which has to be supplied to the steam 
initially at -42(^2) ^ remains dry on expanding to B. 

If any curve on the pV field be transferred to the T(f) field, the area 
below the Tcf) curve represents the heat added or withdrawn during this 
change of state. 

More esact value of the water entropy. In drawing down the entropy 
diagram, use must be made of the reliable values of the water entropy, 
since all the remaining curves are built up from this. 

If the specific heat of the water is c, then 
dT 
'T 

As given by Dieterici, from 104° F. upwards, 

c = 1-0007 - 0-00009855^ + 0-0000006398?^2 

From this, with t ^ T - 460 

c = 1-811 - 0-0006872r + 0-0000006398^2 
dT 

Hence = 1-1811 -- ~ 0-0006872 dT + 0-0000006398F dT 

Integrating between the limits T and 460 + 104 = 564 gives 

log, - 0*0006872 [T - 564) 

+ 0-0000003199 (T2-5642) 

or, with logio instead of log, and t in the non-logarithmic terms, 

104 = 0-037399 + 2-71962 log - 0-0003929« 

+ 0-0000003199i2 

From the specific heat values given in Fig. 184, between 32° F. and 
104° F., the entropy at 104° F. can be found graphically and is 
= 0-13689* 

Hence = 0-17429 -f 2-71962 log - 0-0003929i 

0-0000003199«2 

reckoned from 32° F. and valid between 104° F. and 672° F. 

* From the Munich tables 0-13675 and Mollier 0-1367. 

The specific heat equation given by Dieterici does not give the entropy values 
between 32® F. and 104® F. These entropy values given in the diagram have been 
foimd graphically by a step-by-step method. 
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For example, for 

212 392 572 

0-3124 0-5572 0-76 

The liquid curve shown in the diagram has been drawn from values 
of obtained in this way. 

(6) Superheated steam. If the specific heat of superheated steam 
were constant, the entropy change for a constant pressure change of 
state could be determined directly. 

With dQ ~ Cj,dT = Tdcf) 
the entropy change would be 

- ^ 

T 

Taking the dry saturated steam to 
be the initial state, the entropy change 
up to the superheated temperature is 
found by summation and gives 

T 

Fig. 190 

On the entropy diagram, therefore, the line -42-43 (Fig. 189) would be 
a logarithmic curve, as for gases and the liquid curve -.4 q-. 4]^. It would 
be about twice as steep as the latter, since Cp for superheated steam at 
moderate pressures is about half that for wnter. 

Actually this assumption regarding Cp is not valid. Xear the satura- 
tion curve the specific heat Cp first decreases rapidly with increasing 
superheat and then increases (page 370). The above equation gives, 
therefore, only approximate values. Since the variation of Cp is com- 
plicated and cannot be represented by any simple equation, it follow^s 
that the entropy values also cannot be deduced from any simple equation. 
The test results supplied by Knoblauch and Jakob, and the further 
Munich values of Cp, enable the quantitative values of the entropy to be 
determined for all the pressures and temperatures likely to be used, 
without the aid of an equation. For a small change of state, whether 
Cp is constant or not, 

dQ = c^dT — T d(f> 
hence dcj) = 

If now DE (Fig. 190) is the curve showing the variation of Cp at 
constant pressure, the values of Cp/T' can be found for any number of 
points on this curve. By plotting these to a base of temperatures, the 
curve FG is obtained. 

The area below this curve between two ordinates gives the quantity 
c 

^ dT, which is the elementary change of entropy. 

The area FGE'D' is thus the total change of entropy in superheating 
through f. This area can be found either by means of a planimeter or 
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by dividing it into narrow strips and summing. If its mean height is 
^ j the entropy increase during superheating through f is 

-(^1 t 


The superheat curves at constant pressure in diagrams II and III 
have been drawn in this way. 

Expansion and compression of saturated steam at constant quality. 

On page 356 it was showm that the law connecting the pressure and 
volume under this condition is 
— constant 

For initially wet steam with quality since 

V == 

^16 US y ^ y constant = constant 


The heat quantities which have to be supphed or withdrawn in order 
to maintain the condition of constant quality during expansion or com- 
pression are easily found wdth the aid of the entropy conception. 

Choosing the point A^ (Fig. 189) as the initial point, the curve of 
expansion for g = 1 is A.^B. Hence the entropy increases during expan- 
sion. The heat which has to be supplied is given by the area below A 2 B, 
i.e. the area A^BB'A'^^ This heat is considerable for a large number of 
expansions. 

If this heat be completely or partially withheld some of the steam 
condenses. 

If, on the other hand, the steam be compressed from B to A 2 , the 
entropy decreases by the amount B'A'^. The area below BA^ represents 
the heat which has to be withdrawn. If this heat is not withdrawn 
during compression the steam becomes superheated. If more heat than 
this be wdthdrawTi the steam becomes wet during compression. 

From the above consideration it is improbable that steam in an engine 
cylinder expands or is compressed at constant quality. 

At first sight it appears contradictory that steam, on expanding from 
150 lb./in.2 abs. to 1*5 Ib./in.^ abs. or less at constant quality (as in Fig. 
189), should have heat supplied to it, for the dry saturated steam at 
l*5ib./in.2 abs. contains less heat than that at 150 Ib./in.^ abs. This, 
however, is explained by the fact that the heat added and a part of 
the heat contained in the steam itself is converted to mechanical 
work during expansion and disappears from the steam. 

For initially wet steam of quality (point F) the state curve at constant 
quality on the entropy diagram is FO. This line divides the horizontal inter- 
cepts between the water and saturation curves in the constant ratio since, 


AiA^ 


and this ratio is to remain constant as the 


from page 375, g^ = 

pressure drops. The area below FG represents the heat which has to 
be added during expansion. In compression (OF) the same heat has to 
be removed. The line FG has been drawn for = 0*80, and the line 
F^G^ for g^j = 0*3, i.e. for very wet steam. In the latter case the entropy 
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decreases as the steam expands, which is contrary to the case with 
=zz 0*8. Hence, when the steam becomes very wet, heat has to be 
withdrawn and not added for expansion at constant quality. The curve 
for q = 0*5 is almost parallel to the T axis, and hence represents approxi- 
mately the limiting case where heat is neither added nor withdrawn. 
The entropy diagram enables a closer analysis to be made of each change 
in state. 


EXPANSION AND COMPEESSION OP STEAM m AN 
INSULATED VESSEL. (ADIABATIC CHANGE OF STATE) 

{a) Saturated steam. Prom the last section it will be clear that 
moderately wet steam becomes wetter on expanding adiabatically and 
dryer on being compressed adiabatically. This follows since no heat is 
supplied in expansion or compression. Hence, referring to page 375, it 
follows that the adiabatic for expansion falls more rapidly than the 
curve of constant quality and rises more rapidly in compression. 

The entropy diagram shows the changes in quality and volume for a 
given pressure change. An adiabatic change is shown on this field by 
a vertical line (constant entropy, see page 127), e.g. the line A^G (Fig. 189) 
represents an adiabatic expansion from 140 lb. /in.- abs. to 1*5 lb. /in.- abs. 


JIB 

The moisture content finally is given by 1 - ^ =0*2. The line 

JtiJti 

FK represents adiabatic expansion from 140 to 1*5 lb. in.^ \dth an initial 


quality g = 0*8. The moisture content finally is I - q~ 


KB 

BE 


0*326. 


For intermediate points the qualities are found in the same way. 

Starting, however, at an initial point Aj on the w^ater curve, the 
expansion AiL causes evaporation. The volume increase, vdth adiabatic- 
expansion, amounts to about 0*2 of the dry steam volume. In all three 
cases the temperature drops from 358*5*^ F. to 115*9^ F. 

In addition, steam formation occurs when the initial state Fi is 

chosen (q — 0*3), since the curve of constant quality Fj^G-j^ lies to the left 

of the adiabatic vertical FjM, and not to the right as at FG. The steam 

is dryer at M than at G^ and the quality increases from 0*3 at to 

HM r. ^ -.r 
= 0-38 at AI. 

The pressure-volume curve, corresponding to the expansion along 
FK, can easily be constructed. If the initial volume is Vq = qo(^’s)o 
V = qVg is any later volume, the proportional volume increase is 


1 

^0 ” (^*s)o 


The specific volumes Vg and (^5)0 of the dry steam correspond to the 
initial and final temperatures tQ and t, and are given by the steam tables, 
while go is given and g is read from the entropy diagram. When, there- 
fore, a temperature entropy diagram is available, any adiabatic can easily 
be drawn in the pv field by plotting the values 


V = Vq— 7— - 
% (^5)0 

against the corresponding pressures. 
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The curve AB (Fig. 191) represents an adiabatic expansion from 
initially dry steam at 150 Ib./in,^ abs. to 7-0 Ib./in.^ abs. If the steam 
remained dry the volume increase between 150 Ib./in.^ abs. and 45 Ib./in.^ 

abs. would be == 3T2. 

From the entropy diagram, however, the quality of the steam after 
adiabatic expansion to 45 lb. /in.- abs. is q = 0-925. Hence its volume is 



smaller in the same ratio (see page 358), so that the expansion ratio is 
0-925 X 3-12 = 2-886, and hence EP = 2-886 DA, 

The absolute expansion work is obtained at the expense of the internal 
energy of the steam, since no heat is supplied. From page 363 the initial 
energy is 7^ = and the final energy I = h + qp. The difference 

Iq - 7 gives the heat equivalent of the steam work. 

Hence E = 778- [h^ + q^Ro - {^ + qp)] B.Th,U./lb. 

^05 Po’ ^5 q found from the tables, and p are given. As shown 

above, the final quality q is found from the entropy diagram. The same 
process holds for the compression work. 

The area below AB in Fig. 191 gives the expansion work between 
150 and 7 Ib./in.^ abs. With q^ = 1, the entropy diagram gives q = 0-849. 
Taking the other values from the tables gives 

E = 778 [330-9 + 7794 - (144-5 + 0-849 X 923-4)] 

= 778 X 182-3 

Hence 182-3 B.Th.TJ. are converted to work, i.e. E = 142,000 ft. lb. 
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Zetiner’s approximate eguations. For steam having an initial quality 
q the adiabatic equation is given closely by 

^^1-035 4 - o-x s ^ constant 

For steam initially dry, therefore, (g == 1) 
pyi^iso _ constant 
With q = 0*8, 

^^1.115 _ constant 

It is obvious that the exponent of the adiabatic curve must be greater 
than that of the constant quality curve (1-0667), since in the adiabatic 
case the volume increases less rapidly as the pressure drops. With 
increasing initial dryness, however, the constant quality curves on the 
entropy field become steeper for pressures above 15 Ib./in.- abs., i.e. the 
curves of constant quality tend to have the same slope as the adiabatios. 
This explains the reduction of Zeuner's adiabatic exponent as the initial 
steam qualities are increased. 

The equations are apphcable down to about q = 0-7 and for pressure 
ratios as high as 20. Fig. 191 shows a Zeuner curve (dotted) for dry steam. 
The steam work is — as shown previously for gases — with n = 1*035 -f 0-lg 


E := 

72 - - 1 L 

_ i44^r 
n- 1 



In the above example we have, from this, 

.. 144 X 150 X 3*002 / 7 W-nsl 

0-135 \15dj 

= 146700 ft. lb. 


against 142,000 ft. lb. given above. 

(6) Superheated steam. In an adiabatic change of state the pressure 
volume curve is given closely by the law 

p^i.3 _ constant ....... (444) 

This relation (with the exponent 1-33) was previously established by 
Zeuner from his approximate equation of state of superheated steam and 
the assumption of constant specific heat. From Oallendar's more accurate 
equation of state, MoUier has deduced the same equation. Although this 
deduction is also based on the assumption of constant specific heat for 
low pressures and high temperatures, the equation is sufficiently accurate 
to satisfy practical requirements. See also page 408. 

From equation (444) it follows that the slope of the adiabatic for 
superheated steam is steeper than that of saturated steam and not so 
steep as that of gases, since the exponent 1-3 lies between 1*4 (for gases) 
and 1-135 (for saturated steam). The superheat adiabatic is also drawn 
in Fig. 191. As in the case of a gas, the temperature drops in an adiabatic 
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expansion and rises in compression* Hirn and Cazin found, from direct 
measurements, that the ratios of temperatures and pressures were con- 
nected by the equation 

/r) \0‘236 

^ (445) 


According to Cailendar the exponent should be 0-231 = ~ ; while for 

lo 

gases it is 0*286 (at normal temperatures). The author ^s first entropy 
diagram, calculated from the Munich results, gave for = 709° F., 
^0 == I'^O lfa./in.2 abs., and expansion to 

j) = 114 85 57 28 14 Ib./in.® abs. 

exponent = 0-222 0-220 0-221 0-233 0-232 


On the other hand, for Pq = 28 and expansion to about 3 Ib./in.^ abs., 
the mean value of the exponent is 0*234. 

The entropy diagram offers the quickest means of finding the tem- 
perature changes (see page 390). 

As in the case of gases the absolute work is obtained from equation 
(444) and is 

n - 1 


E = 

71-1 




depending on whether the pressure expansion ratio 
expansion ratio ^ be given. 



• (446) 
. (447) 


or the volume 


Example 13. Find the absolute work performed by 1 lb. of steam 
at 750° F. and 150 Ib./in.^ abs. when it expands adiabatically to 7 Ib./in.^ 
abs. Assume that the steam remains superheated throughout. 

From the equation of state, we have, 

= 85*85 (460 + 750) -*0*2563 X 144 X 150 


so that 


= 98460 ft. lb. 

£ = 98460 [l-(jlg)" 

= 167200 ft. lb. 


against 142,000 for saturated steam. 

For the same initial and final volumes the adiabatic work of super- 
heated steam is smaller than that of saturated steam, since, starting 
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from A, the work area below the adiabatic curve with its steeper slope 
(Fig. 191) is smaller. If, however, the weight of steam in the two cases 
is the same, the adiabatic work, as shown in the above example, is 
greater, due to the higher value of Vq in the product PqVq. 

Transition from the superheated to the saturated state. In an adiabatic 
expansion, superheated steam approaches the saturated state as the 
pressure drops. As soon as the steam becomes saturated the equation 
no longer holds, and in its place the equation j^as to be applied. 

In Pig. 186 an adiabatic for steam initially at 142 Ib./in.^ abs. and 
572° P. is shown. It cuts the saturation curve at M. Hence, at 32*8 Ib./in.^ 



abs. the superheat is zero. For higher initial temperatures the period of 
superheat is increased. 

The same result is shown more simply by the entropy diagram 
(Fig. 189). Expansion begins at the point on the line AgAg where the 
temperature is 572° F. and is showm by the dotted vertical, which finishes 
at Mj on the saturation curve, where the pressure is 28 Ib./in.^ abs. and 
the temperature 248° F. 

ACTUAL STATE CHANGE IN THE EXPANSION AND 
- COMPRESSION OF STEAM IN AN ENGINE CYLINDER 

(a) Engine using saturated steam. The indicator diagrams of engines 
operating on saturated steam show an expansion which, in general, is 
expressed by 

pv = constant (rectangular hyperbola) 
from which the volume increases inversely as the pressure. It happens 
quite frequently that the expansion line follows this law exactly. Fig. 
192,* for example, shows a steam engine diagram in which this occurs. 
In order to analyse the expansion it is necessary to know the proportional 
clearance volume. The indicator spring number is also required along 
with the barometric pressure, so that the absolute zero pressure line can 
be drawn. Further, all the valves and the piston must be steam tight. 
In Fig. 192 these conditions have been fulfilled. 

* Cylinder diameter 12-2 in., stroke 20*5 in., 115 rev./min. Covers and cylinder 
steam jacketed. 
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For the same engine it is found that the expansion line depends on 
the weight of the steam supplied. With a greater supply it lies below, 
and with a smaller supply above, the rectangular hyperbola. In addition, 
exhaust at atmospheric pressure or to a condenser afiects this, as well as 
steam jacketing. 

In using saturated steam, it is always found that the steam is wet 
(frequently 20 per cent and more) at the beginning of expansion. Even 
if the steam in the supply pipe be dry, partial condensation occurs when 
it enters the cylinder, since the walls of the latter are colder than the 
live steam. Assuming a quality q ~ 0*8, the expansion law in a non- 
conducting cylinder would be the adiabatic The rectangular hyper- 

bola falls more slowly than this curve, hence it follows that the steam 
takes up heat from the walls during expansion. 

If the quality were to remain constant during expansion, which 
means a supply of heat (as shown on page 376), the law of expansion 

would be which is still 

below the rectangular hyper- 
bola. Hence the steam becomes 
continuously dryer when the 
indicator shows an expansion 
_ line following the flatter curve 
go ^ = c. In Fig. 193 this is 

QQ shown quantitatively for the 
40 above engine. 

20 ^ The condensate formed on 
the walls, as the steam enters 
Fig. 193 cylinder, maintains its 

initial temperature longer than 
the steam, which becomes quickly cooled by the expansion. Since the 
pressure simultaneously decreases, a rapid evaporation of the condensate 
occurs, which is further aided by the walls heated during the inflow. 

The compression line of the diagram, however, is very rarely a portion 
of a rectangular hyperbola. If no heat flow occurred during compression, 
the law of compression would be _ constant, and this gives a 

quicker rise than the hyperbola. Hence the latter would require a 
removal of heat during compression. Since, however, the wall tempera- 
ture, as shown by Callendar and Nicholson’s tests, does not drop much 
below the mean temperature (even during the previous exhausting) it 
follows that heat is supphed by them during compression, particularly 
at the beginning. Hence a considerably steeper compression curve is 
obtained than that given by pv = constant. In most cases the com- 
pression hne does actually lie above the hyperbola, as shown by the much 
higher end compression pressure obtained. (Figs. 192 and 193.) 

An expansion line following the law pa; = c is sometimes described as 
an isothermal, although it is well known that as the pressure of wet 
steam drops the temperature also drops. This term, which has been 
carried over from the theory of gases, should be avoided, since an iso- 
thermal for saturated steam is represented by an horizontal line on the 
pv field. 

{b) Superheated steam. The actual expansion line for superheated 
steam falls more rapidly than that of dry saturated steam (Fig. 194). 
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This agrees with the fact that a given volume increase in an insulated 
cylinder shows a greater pressure drop for superheated steam than for 
saturated steam. If now a heat exchange occurs between the steam and 
walls and so changes the conditions, this difference still remains. 

The expansion line of saturated steam hes above the adiabatic. The 
same holds for superheated steam. In trying to find a fractional exponent 
which will fit the general case of expansion, as shown by" indicator cards, 
it is found that it hes between 1-25 and 1, but never assumes the adiabatic 
value 1*3. 

In discussing the actual expansion fine it should be noted that the 
temperature of superheated steam at the beginning of expansion is con- 
siderably lower than that in the supply pipe. T\Tiile the steam is entering 
the cylinder it is cooled by the wahs. If the range of superheat is low 



initially, the steam may become saturated or w"et at the beginning of 
expansion. In such cases the expansion line may" be almost exactly" a 
rectangular hyperbola. 

When the range of superheat in the supply" pipe is high, the steam 
will be superheated at the beginning of expansion. The range of super- 
heat at this point depends on the weight of steam supplied, on the back 
pressure, and on whether the engine is a single cy"linder or compound. 

It rarely happens that the steam remains superheated to the end of 
the expansion. The transition point (as dealt with on page 383) where 
the steam becomes saturated depends on the conditions. In general, the 
treatment of the compression Ime is the same as for saturated steam. 
See Fig. 194, which refers to an engine using superheated steam without 
condenser. 


CHANGE OF STATE AT CONSTANT VOLXJME 

^ (a) Saturated steam. If dry^ or wet saturated steam, contained in a 
closed vessel of constant volume, gives up heat to the outside, partial 
condensation occurs and the pressure and temperature drop. 

Assuming the pressure or temperature drop to be known, the heat 
given up Q, and the weight of steam condensed, are easily" determined 
as follows. 


26— (5714) 
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Let Pq be the initial pressure and the initial quality. The initial 
volume of 1 lb. is 

^0 = % (^s)o 

If q is the quality after cooling, the final volume is 
V :== qv, 

Since the volume and weight remain constant, 

^0 = V 

so that I = lo 

Hence, for every pound of the total steam, the amount 

'Mib. 



is reconverted to water. The values and are the dry steam volumes 
as given by the steam tables at p and 

Since, during cooling, no volume change occurs, no external work is 
done on or by the steam, so that no part of the heat is converted to 
mechanical work. Hence the heat withdrawn is taken entirely from the 
sensible heat A, and the internal latent heat p. 

The sum of these is known as the internal energy of the steam. The 
initial value of this is 


and the final value 
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The difference gives the heat withdrami 


Since q is found from the equation above, and k, and p are given 
by the tables, Q can be determined. 

This change of state is represented on the entropy diagram as follows 
(Fig. 195). The point A, corresponding to the initial state of the steam 
of quality lies on the temperature level jTq position on thivS 

line is given by 

CA 

^0 = ^ (see page 375) 



The point at any lower temperature T, divides EF in the ratio 

__ EB 
~ EF 

Hence, with the above value for g, 

EB _ CA (t\,)o 
EF ~ CD V, 

In this way any point B lying below A can be found. 

The area below AB gives the heat Q^. 

A few constant volume curves have been dravui in Fig. 195. If AB 
is continued to lower pressures, it approaches the water curve, but never 
cuts it, since, even with a large removal of heat, a certain weight of 
steam remains, although this weight can be made negligibly small. 

If AB is continued to higher pressures, it cuts the saturation curve. 
At 0 all the moisture has disappeared. If more heat be supplied the 
steam becomes superheated. 

The TV <f> diagram offers a ready means of drawing the entropy curve 
V = constant. As shown in Fig. 196, it is only necessar}^ to drop a 
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vertical (v = constant) in the T V portion of the field. The points of 
intersection with the horizontal pressure lines give the qualities at these 
pressures, so that these qualities can be transferred to the T(f> portion, 
and on joining up, the entropy curve of constant volume is obtained. 

(6) Superheated steam. While the pressure and temperature of wet 
steam (in this change of state) vary in accordance with steam tables, 
the variation in the case of superheated steam is similar to that of a gas. 
In the case of a gas changing its state at constant volume, we have 

^>0 ^0 + ^0 

i.e. the pressure varies directly as the absolute temperature. 



From the Munich tests a similar law is found to hold for superheated 
steam (Fig. 208, page 401). This is 

P Cb -j- i 
a + tQ 

In the case of gases (no matter what value the pressure, temperature, 
and volume may have) a is always constant and equal to 460, but for 
steam a has a smaller value than 460. For a given specific volume, or 
density, a is constant when the pressure and temperature change. 

In Fig. 197 pressures have been plotted to a base of temperatures. 
Taking A as an initial state point, let the pressure there be and the 
temperature In the case of a gas a pressure change would be propor- 
tional to the absolute temperature, and would thus be represented by a 
straight line passing through the origin. In the case of superheated 



STEAM AT NORMAL PRESSURES 389 

steam, the line is also straight, but instead of passing through 0 it now 
passes through the point 0^ lying farther to the right, and 
O^D = 

The Hne AB has been drawn for d = 0*1873 Ib./ft.^ and EF in the 
same way for d = 0*3122 Ib./ft.^, i.e. for denser steam. For the latter 
value a is also different and the point of intersection 0^ lies nearer D. 

The following table of a values has been constructed from a graphical 
interpolation of the Munich values. 


Density 

lb./ft.3 

Saturation 
Pressure 
Ib./in.- abs. 

a°F. 

0-03 

1 

11-0 1 

448*0 

0*06 , 

24-0 

422-3 

0-09 

38-0 

399-8 

0-12 

52-0 

379-1 

0-15 

65-5 

362-0 

0*18 

79-0 

345-8 

0*21 

93-0 

331-4 

0*24 

107-0 

320-6 

0*27 

121-0 

310-7 

0*30 

136-0 

301-7 

0*33 

151-0 

293-6 


On the TY<^ diagram the pressure rise can be determined directly 
in the TV portion. The entropy curve can also be drawn by pro- 
jecting horizontals across to cut the lines of pressure (Fig. 196). 

Example 14, Find the heat given up by 1 fb.^ of dry saturated steam 
at 150 lb./in.2 when it is cooled, at constant volume, to 140"^ F. Find 
also the final pressure and quality. 

In the initial state the specific volume of the dry steam is = 3*002 
ft.^/lb. In the final state the corresponding volume is 123*1 ft.^ Hence 
the final quality is 


3*002 

123*1 


0*02439 


Hence the moisture content is 100 - 2*44 = 97*56 per cent. Its pres- 
sure, as shown, by the tables, is 2*89 Ib./in.^ abs. 

The initial internal energy for 1 lb. is 330*9 + 779*4 — 1110*3 B.Th.U. 
and, finally, it is 

^ + gp = 108 + 0*02439 X 947*6 == 131*11 B.Th.U. 

Hence the heat given up per pound is 

q = 1110*3-131*1 = 979*2 B.Th.U. 

The weight of 1 ft.® at 150 Ib./in.® abs. is 0*3331 lb. Hence the heat 
given up is 

0*3331 X 979*2 = 326 B.Th.U. 

If cooling had taken place at constant pressure (usual case) the steam 
would give up = 1193*1-108 = 1085*1 B.Th.U./lb., or, for the 

weight in the vessel, 0*3331 X 1085*1 = 361 B.Th.U. 
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Example 15. Find by how much the pressure of superheated steam 
at 185 Ib./in.^ abs. and 716° F, decreases when it is cooled to 446° F. at 
constant volume. 

The specific volume in the initial state is given by 


•59617^ 

— 


0-2563 


_ -5962 X 1176 
“ 185 

= 3-534 ft.3/lb. 


0-2563 


3-79 - -0256 


Hence the density is 


The a value corresponding to this from the table of values (p. 389) is 


Hence 


and 


a = 306-8 

p ^ 306-8 + 446 _ 752-8 ^ 

Po 306-8 + 716 1022-8 

p = 185 X 0-735 = 136 Ib./in.^ abs. 


The pressure drop is 185 - 136 = 49 Ib./in.^ 

Example 16. Dry saturated steam at 136 Ib./in.^ abs. remains in a 
superheater when steam is shut off to the engine. Find the rise in pressure 
if hot gases at 1022° F, flow over the superheater tubes, while the super- 
heated steam remains shut off from the boiler and engine. 

The steam is heated at constant volume, and the value of a corre- 
sponding to 1361b./in.^ abs. is 301-7. If the steam temperature rises to 
1022° F. the pressure rise ratio is 

^ _ 301-7 + 1022 _ ^ 
p^ 301-7 + 350-7 " 


The pressure therefore becomes 136 x 2*03 = 276 Ib./in.^ abs. 

The pressure rise is much more dangerous when liquid or wet steam 
remains in the superheater, since the steep pressure rise shown in Fig. 197 
for saturated steam continues so long as any moisture is present. There- 
after the pressure increase is much slower, as shown by the straight super- 
heat lines (jBF). 

Steam diagrams. 1. The diagram (Fig. 198) contains curves of 
constant pressure and constant quality for saturated and superheated 
steam within the limits of pressure and temperature normally dealt with. 
The curves in the superheat field have been drawn from the Munich test 
results. 

Volume changes in the superheat region can be calculated by means 
of the linde-Tumlirz equation given in the top left corner of the diagram 
and those in the saturated region from steam table values. 
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The liquid curve is not shown in this diagram, but diagram II em- 
braces the complete water and steam region from the smallest to the 
highest pressures and up to temperatures of 850^ F. 

2. The temperature volume entropy (TVcj)) diagram (diagram II*). 
In this diagram the temperatures are plotted as ordinates against volumes 
on the left side and entropy on the right as abscissae. Two diagrams are 
thus embodied in one, a state diagram TV and a heat diagram Tcf). For 
the first, three different volume scales are required in order to represent 
the volumes between the critical pressure region and 0-6 Ib./in.^ abs. 
The three regions are, from 0*6 to I51b./in.^ abs., from 15 to 6001b./in.^ 
abs., and from 600 to the critical pressure 3200 Ib./in.^ abs. The three 




groups of volume curves are shown on the left. Figs. 199 and 200 repre- 
sent the essential features of the two diagrams. No explanation is 
required for the Tcj) diagram. It starts at water at 32° F. on the one side 
and dry saturated steam at 0*6 Ib./in.^ abs. on the other, and rises to the 
critical point where the two curves join, and thus shows the entire liquid 
and saturated curve. In the superheat field the diagram extends to 
850° F. and 1700 lb. /in.^ A few curves at higher pressure are also 
included. Lines of constant pressure are plotted in the superheat field, 
the entropy values of which are those given by the earlier Munich tests 
on the specific heats. The volume curves have been omitted both in the 
wet and in the superheat fields. This is because the volume curves are 
given on the left as a function of the temperature, so that, for each state 
of the steam, the temperature, volume, and entropy are represented by 
a length, while the pressure values are read on the labelled curves. 

The volume-temperature curves form a state diagram, which gives 
the relations between the pressure, volume, and temperature in the dry, 
wet, and superheated state without reference to the entropy. 

In order that the superheat region may be included, curves of constant 
pressure are plotted in the TV field. These curves slope upwards to the 
right and start from the dry saturated curve. 

At any point A on the saturation curve (Fig. 201) the volume and 
temperature are given by the co-ordinates themselves, while the pressure 

* This was first published by the author in V.d*I (1911), page 1 506. The diagram 
is on a smaller scale, and contains no constant total heat curves and fewer volume 
curves. Regarding the changes due to the later test results, see page 416. 
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is read on the horizontal pressure line running across the complete field. 
The co-ordinates of the curve AB indicate how the volume of superheated 
steam increases with temperature when the pressure is kept constant. 
Every such curve corresponds to a particular pressure, which runs into 
the saturation pressure and which is labelled. These superheat curves 
range from 0*85 to 350 Ib./in.^ abs., and are based on the Munich tests 
on superheated steam volumes.*^ See page 417 regarding the plotting of 
the volume curves in the high pressure region. 

Pig. 201 shows how the specific volume of superheated steam on 
expanding (at constant pressure) deviates from that of a gas. The 
abscissa of A' would give the gas 
volume in the saturated state 
according to the gas equation 


with = 86 as the gas constant 
for steam. The true volume at 
A is smaller. On being supplied 
with heat the gas volume changes, 
as shown by the straight line A' B' , 
while the superheated steam volume 
changes as shown by the curved 
line AB. 

The volume curves for super- 
heated steam, which extend as far 
the top edge of the diagram, 


as _ 

belong to the intermediate pressure 
region, i.e. from 15 to GOOlb./in.^ 
abs. The volume scale has been 
marked along the 700 Ib./in.^ abs. 
pressure line ; the scale is 1 ft.^ = 

0*8 in. The volume scale of the 

lowest region is 1 ft.^ = 0*02 in., and is drawn along the lower edge. 

The saturation curve for the critical region is drawn in the superheat 
field of the intermediate region, but has a volume scale ten times greater, 
i.e. 1 ft.^ = 8 in. 



Two curves of constant quality q = 0*5 and 0*9 are drawn in the 
entropy field. By their aid the quahty q at any other point in the wet 
field, where the temperature is T, is easily determined, while the corre- 
sponding volume is found by marking off this quality on the TV field, 
i.e. the distance to the saturation curve at the level T is divided in the 
ratio q. For very wet steam the volume has to be increased by the 
amount 0*016 (1 - q), i.e. the volume of the water. 

In the superheat field any point on the entropy diagram can be 
transferred to the volume field by drawing an horizontal across to the same 
pressure line. 


* See Forschungsarheit, Vol. 21. The thermal properties of saturated and super- 
heated steam between 100° and 160° C. Part I by Knoblauch, Linde, and Klebe; 
and Part II by R. Linde. 
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In this way any change of state in the entropy field can be transferred 
to the volume diagram. In addition to the volume and temperature, the 
pressure is also given. In the reverse process, changes in the volume 
field can be transferred to the entropy field, so that the heat supplied or 
withdrawn per pound can be determined. 

From the volume field alone the change in volume with temperature, 
at constant pressure, is given by the constant pressure lines. The 
change in pressure and temperature at constant volume is given by the 
vertical lines and the change in pressure and volume at constant tem- 
perature by the horizontal lines. 

The changes of pressure with temperature in an adiabatic change of 
state are given by the perpendiculars in the entropy diagram. The corre- 
sponding volume changes are given by the points of intersection of the 
horizontals (constant temperature) with the lines of constant pressure in 
the volume diagram. In the wet field the points with the same quality 
have to be located in the two fields as mentioned above. 

For the adiabatic pV curve, Zeuner gives 

^^4/3 _ constant 
while Callendar’s equation is 

p(4; - 0*01602)^*^ = constant 
or, approximately, = constant 

On trying out the adiabatics in diagram III, good agreement is 
obtained with Callendar’s equation, while the exponent given by Zeuner 
appears too high. See page 415. 

The adiabatics in the wet field are applied in the same way from any 
pressure up to the critical, but space prevents a discussion here regarding 
suitable equations. 



CHAPTER VIII 

STEAM AT HIGH PRESSURES 


Up to the year 1921 steam pressures above 300 Ih./in.^ were not of general 
technical interest, since the maximum pressures used for steam engines 
or turbines at that time lay between 230 and 300 Ib./in.^, while the 
normal pressures adopted were between 180 and 200]b./in.^ At this 
time W. Schmidt — who ‘carried out the pioneer work, 25 years earlier, 
of introducing superheated steam for operating prime movers — ^published 
the test results obtained from a 150 h.p. quadruple expansion engine 
working with steam at about 826 abs. and at a temperature of 

840° E. After this engine had proved that pressures of this order, along 
with a high initial temperature, meant a considerably reduced heat 
supply per unit of work obtained, and that the construction of steam 
prime movers and boilers was possible for these conditions, general 
interest was aroused in high pressure steam, particularly in Germany 
and the United States. In addition, it had the effect of intensifying 
scientific research in this field, which has led to an important completion 
of our knowledge of the properties of steam. 

SATURATED STEAM 

General relations of state. The relations of state for high pressure 
steam wnll be best understood by considering the generation of steam 
under constant pressure with suc- 
cessively increasing pressures, as 
represented in Fig. 202. 

At the freezing point (32° F.) 
let the specific volume of the water 
be ^32 and its pressure When 
heat is supplied, with this pressure 
constant, the volume of the water 
increases with the rising tempera- 
ture until the saturation tempera- 
ture ti is reached, the volume of the 
water then being Oi. During evap- 
oration remains constant, while 
the volume of the steam increases 
in accordance with the value of 
the quality q and attains the value 

for q=l, being greater 202 

than the volume of the water by 

the amount ^sx ~ ^ higher pressure volume of the liquid 

is greater at the boihng point and the volume of the dry saturated 
steam smaller. Hence the difference between the steam and water 
volume is also smaller, as shown by the small triangle in Fig. 202. 

A limit is reached at a still higher pressure where the volume of the 
steam is found to be the same as the volume of the water at the boiling 

3^5 
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point. This means that no evaporation, with its attendant volume 
increase, occurs. At this pressure, which is called the critical pressure, 
and at the corresponding (critical) boiling temperature the heated liquid 
is found to have passed over to the steam state without passing through 
^ . the wet steam state. If heat be 



supplied at the constant pressure 
Pc to the water after it reaches 
the critical state, the temperature 
immediately rises above the 
critical. This is contrary to what 
occurs in evaporation at sub-critical 
pressures, where the temperature 
only increases after all the water 
has evaporated. At pressures be- 
low the critical, the volume of the 
steam only commences to increase 
according to the expansion law for 
superheated steam after evapora- 
tion is complete, whereas at the 
critical pressure this commences 
immediately the critical tempera- 
ture is exceeded. 

By plotting the volumes of 
liquid and saturated steam against 
2 pressures (Fig. 203, b and c) two 
curves are obtained, which meet 
at the critical point. The curve 
just at the junction may be con- 
tinuous, as in Fig. 2036, or broken, 
as in Fig. 203c. It was formerly 
assumed that the curve was con- 
tinuous, but from Callendar’s latest 
tests the broken curve is obtained. 
For this, however, the water must 
be perfectly free from air. This 
condition is not likely to be fulfilled 
under actual working conditions. 

The pressure temperature curve. 
The relation between the pressures 
and saturation temperatures up to 
the critical state has been deter- 
mined by various investigators. 
Early tests were carried out by 


Cailletet and Colardeau, Batteh, and by de Laval, while the latest and 


most accurate are those of Holborn and Baumann.* The course of the 


pressure temperature curve is drawn diagrammatically in Fig. 203a. 
Fig. 204 gives the latest test results to scale. The critical pressure is 
3200 Ib./in.^ abs. and the critical temperature 705® F. 


* Tests by Keyes and Smith at the Massachusetts Institute of Technology 
showed almost complete agreement with these. 
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Callendar was the first to confirm that at 705"^ F. and 3200 Ib./in.^ 
the meniscus, but not the separating surface between the steam 
water, disappears. Hence the surface tension is then zero, as has 1 
shown by Traube and Teichner. As 

opposed to Holborn and Baumann’s 36 

results, however, Callendar has managed ZI 

to raise the saturation pressure to 3655 L 

lb./ in.^ and the saturation temperature 1^ 

to 717° F., provided all trace of air be :322£_ / 

removed from the water. In addition, 

Callendar found that, with the same j — 

provision, the volume of the liquid still J- — 

increases between 705 and 717° F. and 

the steam volume still decreases. In this L 

region, steam and water can, as in the 1 

lower pressure regions, exist in any pro- M 

portion. The state of the mixture, how- (- 

ever, appears to be unstable and the J 

equilibrium is disturbed by the slightest - 4 - — 

addition of gases. r 

Latent heat, sensible heat, and total 4 

heat. Since at the critical state no 4 

evaporation occurs, the latent heat is 4 

zero and the total heat supplied to 4 



Callendar, does not 


occur for air-free water 


till the temperature is 


717 F., so that at 


705°F. — the previously 


2500 


Steam Temp. ^F, 


Fig. 204 


accepted critical temperature — ^the latent heat is still appreciable and 
amounts to 130 B.Th.U./lb. 

The latent heats between 410° F. and 480° F. have recently been 
determined calortmetricaUy by means of very careful tests by J akob in the 
German Reichsanstalt. (See ForscMmgsarbeiten, 'No, 310.) The table below 
shows these values along with the specific volumes of the dry saturated 


steam Press, lb,/in‘. 
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steam obtained by Jakob from them. They serve to complete the older 
calorimetrically determined values of Holborn and Henning above 
360"^ T.j where the deviation commences to be appreciable. In Fig. 205 
Jakob’s and Holborn and Henning’s values have been plotted along 
with the curve constructed by the author in 1911 , from the earlier volume 
measurements of Ramsay and Young and of Batteli, between 360° F. 
and the critical point. At the same time attempts were made to keep as 
close to the Holborn-Henning test results as possible. 

TABLE OF LATENT HEATS AND SPECIFIC VOLUMES OF 
SATURATED STEAM BY JAKOB 


t 

L B.Th.U./lb. 

1 

ft.3/lb. 

t 

L B.Th.U./lb. 

-Vg ft.3/ib. 

80 

1047-6 

633-1 

280 

924-5 

8-63 

100 

1036-8 

350-9 

300 

909-9 

6-459 

120 

1025-6 

203-4 

320 

894-4 

4-908 

140 

1013-9 

123-1 

340 

878-4 

3-785 

160 1 

1002-6 

77-35 

360 

861-7 

2-957 

180 I 

990-7 

49-64 

380 

843-8 

2-335 

200 

978-5 

33-62 

400 

825-5 

1-865 

220 1 

966-1 

23-13 

420 i 

806-4 

1-502 

240 

952-4 

16-32 

440 

785-9 

1-218 

260 

938-7 

11-76 

460 

763-6 

0-995 




480 

740-0 

0-817 


In addition, Callendar’s latent heat values in the critical region are 
also plotted (between 705 and 716° F.), and only assume a zero value 
when the temperature becomes 716° F. 

The author’s earlier (1911) curve is evidently too high, due to the 
uncertain volume measurements of Ramsay and Young in the saturated 
region. In addition, Holborn and Henning’s values were evidently too high. 
From Eichelberg’s thermodynamic calculations {Forschungsarbeiten No, 
220, 1920), which are based on the Munich specific heat values, it later 
became obvious that the latent heats in this region should be reduced, 
and this has been confirmed by Jakob’s tests. In the actual critical 
region, however, the earlier curve agrees with Callendar’s but finishes at 
705° F. 

In the same diagram the liquid heats are also plotted. Those up to 
590° are from Dieterici’s specific heat values, and those in the critical 
region are due to Callendar.* On the assumption that water at the 
saturation temperature contains an equal volume of steam in solution, 
Callendar has established the equation for the sensible heat as 

Ih = ct -{“ L 

which agrees well with the experimental values. 

* The recent test results supplied by the Bureau of Standards between 32° F. 
and 520° F. and published in Meek, Eng. (1929), No. 2, page 126, are plotted in 
Fig. 205- They agree closely with Dieterici’s values up to 400° F. and then become 
somewhat larger. These measurements have been extended recently. (Mech. Ena., 
February, 1930.) 
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Finally, the total heat values A + L are plotted in Fig. 205. These 
attain a maximum value of 1202-4 B.Th.U. at 464° F. and decrease from 
there to 993-6 at 705° F and 838-8 at 716° F. (See also page 406.) 




— HipaaiiMiiimy 


Fig. 205 

In Fig. 206 are shown Callendar’s total heats of liquid and steam to 
a base of saturation pressures.* At 716^ F. CalLendar found that the 
mixture was in the state of a liquid with all the steam condensed. 

Specific volume and density of saturated steam and water. In the 
region between 360° F. and 480° F. (about 140 to 576 Ib./in.^ abs.) the 
specific volumes of the steam have been calculated by Jakob from his 
accurate measurements of the latent heats, using the Clapeyron- Clausius 
equation along with the Holborn-Baumann steam pressure curve. There 
can be no doubt that Jakob’s values are the most accurate at present. 
(See the table on page 398.) 

Callendar’s values oi o. = — and for steam and water have 

Vg a 

* Eng, (October, 26th, 1928). Steam tables and equations. 
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been plotted in Fig. 207. The author’s earlier values are also shovia 
(dotted). It will be seen that the agreement for the steam densities up 
to 702° F. is good. In the liquid region the deviations are greater, since 
the curve marked “ Sch.” is extrapolated from Ramsay and Young's 
values, which extend to 518° F., whereas Callendar’s curve is based on 
Waterson’s values, which are lower and extend as far as 600° F. (Vol. ii, 
4th Edition, Fig. 130.) 


SUPERHEATED STEAM 

Specific volume. Early tests on the direct determination of the specific 
volume of superheated steam between 350° F. and 500° F. were carried 



212220 240 2BO 280 300 320 340 360 

T9J7fp 


Fig. 208 

out by Ramsay and Young, and up to the critical state by Battelli. It 
was found later, however, that the results in the saturation region were 
inaccimate, due to the effect of the walls of the measuring tubes. Tests, 
in which this was avoided by heating the walls and using a vessel in 
place of a pipe, were first carried out in the Technical Physical Laboratory 
at Munich {F.A. No. 21, Knoblauch, Linde, and Klebe). The steam was 
heated at constant volume and the curves of constant volume shown in the 
pt diagram (Fig. 208) were obtained, from which the equation of state 
(given on page 371) was deduced by Linde. In addition, the steam 
pressure curve was re-determined, so that, by continuing the curves of 
constant volume backwards, the saturation volumes would be deter- 
mined, These tests lay within the region 15 to 155 Ib./in.^ abs. 

27— (57x4) 
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Tests of a similar nature have recently been carried out between 
1280 and 3700 lb. /in.^ in the Massachusetts Institute of Technology by 
Smith. The results are shown in Fig. 209 along with their saturation 



pressure and temperature curve, which agrees well with Holborn and 
Baumann’s, and from which the saturation volumes are also given. 

In Pig. 210 these results, along with Callendar’s, have been plotted 
with pressures as ordinates to a base of volumes, the limits of pressure 
being 1400 Ib./in.^ and 3700 Ib./in.^ and temperature 626 to 752*^ F. 

Pressure temperature measurements in adiabatic expansion. The first 
measurements in the expansion of superheated steam at pressures of a 
few atmospheres were carried out by Hirn and Gazin, who allowed steam 
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to flow from a closed vessel and determined the pressure and temperature 
changes of the residual steam in the vessel. In rapid discharge the 
expansion of these residuals is adiabatic. 



Spec.Vol.v ft.^/lb, 
Fig. 210 


This gave the simple relation 
% ~ 

Calendar found later, using a sinular method, that 



404 


TECHNICAL THER3IODYNAM1CS 


Since the exponent given by Hirn is 0-236 = 12*7/3, both exponents 
are about the same. 

According to Callendar* this relation holds up to the critical pressure 
and not, as was previously assumed, within the normal pressure region 
alone. From this Callendar also shows that the adiabatic pressure volume 

relation 

;p{v - = constant 

is valid up to maximum 
pressures. 

Finally, the following 
relation also holds, 

('y- b) = constant 
or, approximately, 

== constant 

These three relations 
hold within the superheat 
region, but break down 
when, in the course of 
adiabatic expansion, the 
steam becomes saturated. 

Callendar’s method, 
therefore, for finding 
adiabatic pressure, 
volume, and temperature 
changes in the superheat 
field up to the highest 
pressures and tempera- 
tures likely to be met 
with in practice, is the 
same as for gases, except 
that the exponent is 
y = 1*3. The same holds 
in finding the work done, 
and for technical calcula- 
tions forms a useful sim- 
plification. 

Specific heat at constant pressure. The specific heat has been 
determined for the complete pressure region up to 1700 Ib./in.^ abs. and 
up to 842° F. in the Munich Technical Physical Laboratory under the 
guidance of Professor Oscar Knoblauch, by direct calorimetric test. The 
latest of this extended series of tests is given in Fig. 211, from which it 
will be seen that the previously known dependence of Cp on pressure and 
temperature at low temperatures still holds for pressures up to 1700 Ib./in.^ 
abs. Further tests up to 3500 Ib./in.^ abs. and in the critical region are 
being carried out in the same place.f 

♦ Engineering (1928), page 530. Steam tables and equations. Extended by 
direct experiment to 4000 lb. /in.- and 400° C. 

t 0. Knoblauch and We. Koch, Z.V.dJ, (1928), page 1733. The specific heat of 
superheated steam from 30 to 120 atmospheres, and from the saturation temperature 
to 840° F. 
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From Fig. 211 the specific heat at 1400 Ib./in.^ near the saturation 
curve is 2, and is thus double that of water at normal temperatures and 
four times as great as that of superheated steam at 15 Ib./in.^ abs. 

Determination of total heat by throttling tests. The total heat of 
saturated or superheated steam at pressure and temperature Tj can 
be determined directly by condensing the steam at constant pressure pj 
in a calorimeter and measuring the heat liberated, or by heating water 
electrically and measuring the total amount of heat required to produce 
the superheated steam. 

The total heat can, however, be determined indirectly by making 
use of the property that, in throttling steam from the pressure p^ to the 



Fig. 212 


lower pressure p.^, the total heat remains constant (page 211). Hence, 
when steam is throttled from a pressure p^ down to atmospheric pressure 
Po by discharging it to a vessel in free communication with the atmosphere, 
its total heat, after throttling, is the same as the initial value Hi. By 
designing the discharge vessel in the form of a constant pressure calori- 
meter, the value of Hi at atmospheric pressure is thus determined. 

If, however, the total heats of superheated steam at atmospheric 
pressure and different temperatures are already known, all that is required 
is the temperature tQ of the throttled steam, which is smaller than ti. The 
total heat H^ at the state po^o is then equal to the required total heat Hi 
at the state Piti (Fig. 212). 

Griessmant was the first to adopt this method. Later, Davis and 
Kleinschmidt, in America, carried out experiments in the same way for 
pressures up to 600 Ib./in.^ abs. and temperatures to 680° F. On the 
same basis HavlicekJ determined the total heat of superheated steam at 
pressures of 740, 1420, 2200, 2870, and 3600 Ib./in.^ and temperatures up 

* In this way Jakob determined the latent heats np to 590° F. 

t F.A. 13 (1906), Beitrag znr Erzengungswarme des iiberhitzten Wassei*dampfes. 

J Festsch.f Prof. Stodola, page 202, Neuzeitliche Versuche uber die phys. Eigen- 
schaften des Hoohdruckdampfes. 
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to 900° F. Callendar’s values of the total heats shown in Fig. 206 were 
also obtained in this way and show close agreement with Havlicek’s values. 



soo eoo 100 BOO soo 1000 
steam Temp, 

Fig. 213 



This method is also valid for dry saturated steam, since the steam is 
superheated after throttling. Blomquist found in this way the total heat 
of saturated steam for pressures up to 1400 Ib./in.^ His values are shown 
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in Fig. 213.* The values at ^ = 700, 1000, and 1400 ib./in.^ have been 
read from this diagram and transferred to Fig. 214, and show close agree- 
ment with the total heat curve for saturated steam. 



Fig. 215 

For pressures above about 1850 Ib./in.^ abs. steam is wet after being 
throttled to atmospheric pressure, as is shown immediately by the H^ 
diagram. In this case the measurement of fQ alone is insufficient. 

Josset has recently determined the total heat of superheated steam 

* Sonderheft II der Z.V.dJ., liber Hoehdruckdampf, etc. The tests were 
carried out in Gotenberg on an Atmos boiler with steam at 1560 Ib./in.® pressure. 

f Z.V.d.I. (1929), page 1815. E. Josse. XJntersuchungen am Benson-Kes.seL 
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calorimetrically in the neighbourhood of the critical state. The steam 
or water was removed at various points in the pipe system of a Benson 
boiler. In this way the table of results given below was obtained. They, 
along with the remaining known test results, were used by Josse in 
constructing a new HT diagram for pressures between 1400 and 3500 
lb. /in.2 abs. (Fig. 215). 

TOTAL HEATS OF SUPERHEATED STEAM AT HIGH 
PRESSURES FROM TESTS BY JOSSE 


Pressure j 
lb./in.2 abs. | 

Temperature 

o p 

Total Heat 
B.Th.U./lb. 

3527 

716-0 

921-6 

3470 

714-2 

936-0 

3442 

712-4 

916-2 

3286 

70.5-2 

864-0 

2773 

681-8 

896-4 

2062 

640-4 

941-4 


Characteristic equation for superheated steam. The general relation 
between the pressure p, the volume and the temperature t for highly 
superheated steam and at low pressure tends to approach that of a gas 

>pv = RT, or V = 

P 

e.g. for steam contained in the products of combustion of an internal 
combustion engine. At higher steam pressures and with less superheat, 
such as are used in steam engines and turbines, and particularly near 
the saturated region, the volume of the steam — as shown by direct 
measurements and indirect calculations — is always smaller than that 
obtained from the gas equation for given values of p and T. Hence the 
general equation can be written as 

RT . 

V = Nv 

P 

in which Ay represents the difference between the gas volume and the 
actual volume of the steam. This difference depends on the state of 
the steam and can be shown graphically on the vT diagram, as in Fig. 201 , 
page 393, where the distance BB' = Av and the straight line passing 
through the origin shows the change in volume with temperature on the 
assumption that the steam behaves as a gas, while the plotted curve gives 
the actual steam volumes. The greatest deviation of the steam volume 
from the gas volume occurs at the saturation curve with Av = A A'. 

The quantity Av is a function of the pressure and temperature, i.e. 

Av = f{'pT) 

It might be assumed, however, that Av is a function of the pressure 
or of the temperature alone, as was done in many of the earlier proposed 
equations of state. In Zeuner’s characteristic equation, for example, 

pv == RT - 
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A'y depends only on the pressure and not on the temperature. In the 
later equation of Tumlirz and R. Linde 

pv = RT - Gp 

the value Ai; is independent of both pressure and temperature, and has 
a constant value. (G = At; = 0-2563.) 

In the equation, however, given by Callendar, which was also used 
by Mollier (with different constants), 


the value 


pv =RT-C 


A» = 


C_ 

pio 13 


is a function of the temperature alone. 

Rrom the second equation given by R. Linde (page 371) 

Av = (1 +a^;) 


and is thus a function of temperature and pressure. 

This equation suitably represents the Slunich tests on the volumes, 
from which it was established, but breaks down at a particular tem- 
perature, since the quantity in the square brackets can be negative at 
high temperatures. This is impossible, as A'r would then be negative. 
The temperature at which the equation ceases to hold is found from 


G 


671*6 

T~\ 


D = 0 


With D = 0*0833 and G = 0*4966 


T = 1220^ F. abs., t = 760° F. 


Hence the equation holds up to about 760° F. From it, however, 
it is clear that At’ is a function of p and T. 

In the equation 

pv = RT~f(pT) 


or ^~=B-^f(pT) 

writing B = ^f{pT) = B' 


pv 

¥ 


= E' 


it is seen that, for superheated steam, the value R\ which is equal to the 


quotient ^ is not constant but depends on p and T, and deviates from 


the gas constant for steam, the deviation increasing as the steam 
approaches the saturated state. 

If simultaneous values of p, v, and T are known by measurement, or 
if they can be determined by calculation without actually knowing the 
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equation of state, and if the values of ^ be plotted to a base of p 

(or T)y a useful representation of the deviation of superheated steam 
from the gas state is obtained. This diagram was first adopted by Jakob, 
who used a graphical method of determining the volumes from the 



Munich specific heat values and then constructed the diagrams with 

pv 

Y as ordmates against p ov T as abscissae. The former is shown to 
scale in Fig. 216. 

This diagram shows immediately that R' changes with the pressure 
and temperature and decreases as the pressure increases or the tem- 
perature decreases. The relation between Nv and R' is expressed by 

B' = i? - Ai; I 

or Av= {R~ B') ^ 
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in which R- R' are the ordinates of the curves in Fig. 216 lying below 
the abscissae axis through R = 85-7. From this Av can be found for any 
state of the steam. For example, at 200 lb. /in.- abs. and 650° F., 

R-R'=: 2 


He„c, Av = 2 X (^60 + 650) 


200 X 144 


The ratio ^ is given by 


0-0771 


V E' 


so that, for this state, 

At; 2 At; 

— = _ or 100 — = 2*4 per cent 
t; 84 V 


Again, with the same pressure but at 400° F.. 


and 


A?j 

R-R = 6-57, R = 79-4, 100 ^ - 8-26 per cent 
A. = = 0-196 ' 


To find now if At; is a function of T or p or both, proceed as follow-s. 
From the above 

R~R At; 

P T 

The quotient {R - R') - gives the inclination (tan a) of the line joining 

the initial point of the group of curves in Fig. 216 to any point on the 
curve for T — constant. If now At; is a function of T alone, then, for 
At? 

this curve, — is constant and wfith it the angle of inclination a. Hence the 

curve itseH is a straight line, and for Ay to be a function of T alone, the 
diagram shown in Fig. 216 would consist of a group of straight radial 
lines. This, however, is not the case, although the deviation for each 
curve up to a particular pressure marked on the diagram is not serious. 
From this it will be seen that, in the region below this limit, Ay depends 
only on the temperature and not on the pressure as demanded, e.g. by 
Callendar’s original equation. Above this limit, however, the lines are 
definitely curved so that A-y in this region depends on both T and p. 

The values of J?' in this region become smaller, and the values R- R 
greater, than those given by the straight rays, as the pressure at a 
particular temperature increases. For example, at 430° F. and up to 
100 Ib./in.^ abs., the deviation from the straight line is negligible, at 
200 Ib./in.^ abs. it is about 0*36 units of R, and at 280 Ib./in.^ abs., 
0-9 units. 

The first Jakob diagram extended to only 300 Ib./in.^ abs. A similar 
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diagram (Fig. 217) extending to 3500 Ib./in.^ abs. and 750° F. has lately 
been supplied by J. H. Keenan,* and is based on the American measure- 
ments on the specific volume mentioned above. The general trend of 
the curves in Keenan’s diagram is the same as in the original Jakob 
diagram, but show increased divergence at the higher pressures, e.g. at 


8S'70 



Fig. 217 

1500 Ib./in.^ abs. B' has decreased to values between 62 and 70, and at 
3500 lb. /in.^ abs. to values between 35 and 44. Hence, in this region, 

the deviation from the gas law is very considerable since for 

B' = 62 is equal to 38-5 per cent and for B' = 36, 135 per cent, i.e. the 
ideal volumes are 38-5 and 135 per cent greater than the actual steam 
volume. This is shown also in Diagram II. 

Adiabatic change of state in the Jakob state diagram and Callendar’s 
state equations. Callendar’s relation between adiabatic pressure and 
temperature changes for any state is 

^ = 7^75 = constant 

^ 0 

* Mech, Engineering (1928), page lo7. In Mech. Engineering (February, 1929), 
Keenan ha.s enlarged this diagram and completed it from the latest tests. 
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In the lower state region the original Callendar characteristic law is 

p{v-b) _ p 

Since now in an adiabatic change the quotient is constant, the 
expression on the right is also constant for an adiabatic change, and 
hence == constant 

or, for moderate pressures with sufficient accuracy, 

~ = constant 
as established by Callendar. 

From this it follows that adiabatic expansion or compression is 
represented on the Jakob diagram by horizontal lines parallel to the 
p axis. In addition, the adiabatic pressure and temperature changes are 
found very simply from this diagram in the lower state region, and the 
volume changes are given, from these, by 

Pi ^2 
% P2 ^1 

Callendar*^ takes account of the influence of pressure on Av, which 
becomes important at high pressures by multiplying the expression for 
Av in the lower state region 

= 

by a correction factor in the form of a geometrical series, giving 
Aw = Ai.o(H-2^ + ^ + •••) 

1 


In this z is so chosen that the relation for an adiabatic change of state 
V 

= constant 

which holds also in the upper state region, is satisfied. 

This is the case if 2 ; is written as 

z = k Avci"^ 

The characteristic law in the iipper region then takes the form 

-pm 1 

V~h= .... (448) 

* H, L. Callendar. Steam tables and equations. Engineering (26th October and 
2nd November, 1928). 
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For adiabatic changes, since 
^ ° T T^^‘^ 

and since ^^73 = constant, the expression in the denominator of the 

second term on the right in equation (448) is constant. By re-writing 
this equation as 

y = i? - Ai^o ^ 


it will be seen that, for adiabatic changes of state, the complete ex- 
pression on the right is constant, so that again, as in the lower state 
region, 

p{v - b) 

T 


= constant 


or, if sufficiently removed from the critical volume, 
pv 


T 


= constant 


It follows, therefore, that in the upper state region, as given by the 
American tests (Fig. 217) in the pvjT diagram, the adiabatic changes 
of state are represented by horizontal straight lines. 

A further determination is required, e.g. with the aid of the entropy 
diagram, which could be constructed from the Munich specific heats, in 
order to find if this simple relation actually holds in the critical region. 
If this is the case the adiabatic changes of state over the whole region of 
superheated steam can be followed graphically in a Jakob diagram or 
expressed by the simple relations which hold for the low pressure region. 

'PV 

The author found, on calculating values of ^ for a series of pressures 

and using Callendar’s coefficients {h = 4*012 for Ib/in.^, ft.^/lb), that the 
results were higher than those given by the American tests (Fig. 217). 
Since, however, the validity of the latter has not yet been confirmed, the 
question still remains open. 

The characteristic equation based on the specific heats According 
to thermodynamic laws, a close relationship exists between the equation 
of state of superheated steam and its specffic heats. This is represented 
by the differential* 


dp), 


:=--AT 


The left side gives the change in specific heat with pressure when the 
temperature is constant, and on the right side the only magnitudes 
involved are T and v. The method which was first employed hj Jakob 

* Vol. ii. Fourth Edition, Article 6. 
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of finding the relation between the volume and temperature at constant 
pressure graphically can also be employed analytically. Tor this, it is 
necessary to express the specific heats — as given by the Munich tests — 
as an analytical function of p and T. Calculations of this nature have 
been carried out by R. Planck,'*' by Eichelberg,f by Goodenough in 
America, and by Knoblauch, Raisch, and Hausen, who have published 
tables and diagrams for steam (1923). Mollier also, in the later editions 
of his tables and diagrams for steam, has adopted the same method. 

The characteristic law is also affected by the form of the analytical 
relation represented by the Munich c^^-T curves. Eichelberg succeeded 
thus in establishing not only a simple characteristic equation but in 
expressing all the other state values by simple relationships. This is 
particularly useful in finding the total heats and entropies. His charac- 
teristic equation runs 


pv 


0*5956T 


10640p 



698000000JJ j + 2 T 

y \ 14 

looj 


(p in. Ib./in.^ abs,, v in ft.^/lb., T abs.) 

The second term of this equation confirms Callendar’s equation in 
the lower state region, while the third takes account of the effect of 
pressure on the deviation from the gas law in the upper state region. 
The question as to how far this applies still remains open. 

In addition, Eichelberg found that the law 

pv^ = constant 


for adiabatic expansion held, with but slight deviations, in the value of 
the exponent y = 1*3 over the whole of the region covered by his experi- 
ments, which thus agrees with Callendar, who arrived at this conclusion 
in a totally different manner. 

Taking advantage of this, Mollier then found that the Munich measure- 
ments of could be represented as a function of Callendar’s expression 
7) 

^ 3 . Mollier gave, finally, the characteristic equation as 

2*2732 10*1592p3 


yi3/ 


pv 

Y 


= 0*5961 - 


100 


13/3 


{p in Ib./in.^ abs., v in ft.^/lb., T in E. abs.) 
or, multiplying by T, 


2*2732 10*1592p3 




* Z,VdJ. (1916), page 187. 

I Forsch, Arh, F.d.l., No. 220 (1920). Also given in Vol. ii, Fourth Edition, 
Article 9. 
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This equation agrees with Eichelberg’s in form and in the values of 
the exponents of T and and shows only at high pressures a slight 
difference in the numerator of the third term, since Eichelberg takes 
account of the variation in the specific heat with temperature at very 
low pressures (using an equation by Goodenough), whereas Mollier 
neglects this. 

Regarding the Munich characteristic equation, reference should be 
made to the steam tables by Knoblauch, .Raisch, and Hausen about to 
appear in a new edition. The steam pressure range is greatly extended. 

Steam charts in the high pressure region. Two diagrams for high 
pressure steam, which extend in the saturation region to the critical 
state and in the superheat region to 1100 Ib./in.^ abs. and 850° F., were 
first published by the author in 1911 (in Z.V.d.I). One diagram, which 
is described on page 390 and is contained in the pocket at the end with 
necessary additions, is really a double diagram on one sheet, since the 
temperatures are plotted as ordinate to a base of volumes and of entropies. 
The second diagram is an or Mollier chart, which is given here with 
corrections according to the latest results. (Chart III.) 

The superheat field curves were based on the Munich tests on specific 
heats and later completed in accordance with recent results. The satura- 
tion region was constructed from the numerous test results available at 
the time. The diagrams thus represented the results of direct experiment, 
as far as these extended, and, in the unexplored region, use was made of 
thermod 3 mamic relations in combination with the results of tests. Arbi- 
trary extrapolation was in all cases avoided. The values in the saturated 
steam region were collected in the form of steam tables, and these were 
obtained without reference to the tables for normal pressures and tem- 
peratures existing at that time."^ 

During the past six years considerable advancement has taken place 
in experimental work on steam, as shown above, and as a result of this 
the two steam diagrams have been further improved and redrawn 
without the use of formulae. 

At present a large amount of experimental work is being carried out 
in Germany and America, embracing the critical and super-critical 
region, so that final diagrams may be constructed. In England, Callendar 
has already constructed a diagram — based on his own experiments^ — 
which extends to 4000 Ik./in.^f In Germany, Mollier has produced the 
Nmen Tabellen iind Diagramme fur WasBerdamf] in a Sixth Edition 
(1928), which extend to 250 atmospheres and 550° C.J A new edition of 
the Munich tables and diagrams is in course of preparation up to 120 
atmospheres, and will give the Munich C^ values above the critical state, 
from which it will be possible to confirm CaUendar’s observations on the 
specific heat in the critical state.§ 

Regarding the alterations, mention must first be made of the 

* It was with the aid of these tables and the two charts that the thermodynamic 
calculations for the high pressure steam engine of Wilhelm Schmidt were carried out. 

t See Engineering (May, 1929). 

X Hote by translator. An English edition of these tables has been edited by 
Dr, Moss and published by Pitman. 

§ Keenan has recently published an extensive diagram based on the American 

measurements. {Mech. Eng., February, 1929.) 
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saturation curve above 150 Ib./in.^ abs. The change was rendered 
necessary by the later tests by Jakob on the latent heats mentioned 
above, which show considerable differences from the previously accepted 
values of Holborn and Henning and the older volume measurements of 
Ramsay and Young. 

The water curve also deviates from the earlier curve, but only above 
590° F. From there on to the critical state it has been constructed from 
Callendar’s test values by finding the entropy changes according to 

, ; dh 

^ = q, 

It is remarkable that this line deviates but slightly from the earlier 
curve, the construction of which was provisionally effected by means of 
tests on the specific heats of the liquid at the boiling point. These specific 
heats increase rapidly with temperature in this region, and thus cause 
considerable difficulty. (See Schiile's Technische Thennodiiriainll:. Bd. II, 
page 337.) 

In the critical region itself, which, according to Call end ar, lies between 
676° F. and 716° F., the Callendar test results have been used. As shown 
by the diagram, the top of the T<f> curve is not rounded, as was previously 
assumed, but shows a broken peak. Both the liquid branch (left) and the 
saturation branch (right), which start at this peak and join the liquid 
and saturation curves, were obtained from Callendar*s liquid and latent 
heat values. 

The saturation curve between 480° F. and 660° F. was constructed 
from the latent heats as given by the combined Jakob and Callendar 
curve of L values (Fig. 205). 

In the superheat field, the curves of constant pressure between 400 
and 1700 lb. /in.- abs. have been reconstructed from the Munich 
values according to the relation 

d<f, = = 2-303 log T 


The values of were plotted to log T as base, and the areas below 
these curves gave the entropy changes. 

In the critical region the three curves of constant pressure for the 
saturation temperatures 680, 698, and 717° F. have been plotted from 
Callendar’s measured values of the total heat of superheated steam, 
making use graphically of the relation 




dH 

T 


In the volume field of the diagram, the volumes of the liquid and of 
the steam in the critical region have been plotted from Callendar’s 
measurements. The resulting junction of the liquid and steam curves is 
not continuous but broken, showing unstable transition. Between 150 
and 550 Ib./in.^ abs. the curve of volumes, which is based on Jakob’s 
values, deviates but slightly from the original curve. Between 480° F. 
and 650° F. the volume curve (which at about 600° F. must coincide 
with the old curve, since at this point the latent heats also coincide) 
continuously approaches the Callendar and Jakob curve. Finally, the 
38 - -(5714) 
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saturation volume curve was completed from the American tests between 
380® F. and 698° F. In the superheat field the volumes were plotted at 
increasing temperatures and at constant pressures from the American 
measurements (Fig. 209). 

In the H(j> diagram changes have also been made, e.g. in the saturation 
line above 115 Ib./in.^ abs. and in the superheat field above the same 
pressure. The curves of constant pressure have been plotted from the 
T(j) entropy values and the total heat values given by the Munich 
measurements, while Callendar’s total heats have been used in the 
critical region. 

In the critical region the characteristic changes given by Callendar's 
new measurements cannot be clearly shown, as Callendar himself 
remarked. The actual critical point is not marked in the diagram.* 

* After the two diagrams had been constructed, the “ Skeleton table for steam, 
with explanations ” resulting from the International Steam Table Conference in 
London (July, 1929) were published. These are given at the end and enable com- 
parisons to be made with the diagram and tabulated values of total heats, and 
specific volumes of water and of saturated and superheated steam from 32 F. to 
1000° F., and from 15 to 3500 lb. /in.- abs. 



CHAPTER IX 

GENEEAL KELATIONS EOR VAPOEES 

Hot and cold vapours, gases. As a rule, vapours are generated from 
liquids such as water, oil, alcohol, ether, mercury, etc., by an evaporation 
process. In order to convert such substances — ^v^hich at normal pressures 
and temperatures (1 atmosphere and 60° E.) exist as liquids — to vapour, 
the liquid must first be raised to the boiling temperature which depends 
on the pressure to which the liquid is subjected. After this the liquid 
can be transformed to saturated vapour by supplying an amount of heat 
which varies with the nature of the substance. If the pressure be kept 
constant during this supply of heat the temperature will also be constant, 
so long as the vapour is in contact with the liquid. For water, the boiling 
temperature at 14*7 Ib./in.^ abs. is 212 ° F., but if the pressure be raised 
considerably higher temperatures are attained. Thus at 150 lb./in.‘^ abs. 
the temperature for water is 38S° F. and for mercury 750° F. Vapours of 
this type can be described as hot vapours. The treatment given in 
Chapters VII and VIII for steam applies equally w^ell to all other 
chemically uniform vapours, which are non -dissociated at the saturation 
temperatures. The numerical values of the saturation temperatures, 
pressures, sensible heats, latent heats, and total heats are, however, 
different for the different substances. Fig. 204 shows the saturation 
curve for steam. In Figs. 218 and 219 the saturation curves for mercury"^ 
and phenylether (diphenyloxide CeHgOCcHs) have been plotted. These 
two substances have lately acquired a certain importance, owing to 
their use as working substances in prime movers (page 603). When a 
saturated vapour is heated above its saturation temperature (at constant 
pressure) it becomes superheated, and the higher the range of superheat 
the more closely does it assume the properties of a perfect gas. 

As opposed to hot vapours, saturated cold vapours consist of sub- 
stances which, at normal pressures and temperatures (1 atmosphere, 
60° F.), exist in the gaseous state, e.g. CO 2 , NH 3 , SO .2 (the saturation 
curves of which are given in Fig. 220), also CO, air, O.^, N 2 , H 2 . For such 
substances, vapour formation is effected in the opposite way, i.e. by 
removing heat from them so as to bring them dowm to the saturated 
state, after which, by a further removal of heat, they can be liquefied. 
This process, however, is not so simple as that involving the generation 
of hot vapours, since bodies at a sufficiently low temperature to liquefy 
these substances, at atmospheric pressure, do not exist in nature, and 
the normal cooling water temperature of about 50° F. is not low" enough 
to liquefy or vaporize most of these substances, even if the pressures be 
raised indefinitely. These conditions have been clarified by tests on the 
liquefaction of the permanent gases. In particular the liquefaction of 
carbon dioxide by Andrews (1869), and the further tests of Amagat with 

* From the Phy. Zeitschr (1926), page 265. F. Bernhardt. Saturation pressures 
of mercury up to 2000 atmospheres. 
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the same substance have served to illustrate the phenomena connected 
with this problem. 

At f = 14*7 Ib./in.^ abs. and t ~ 59° F. CO 2 exhibits the properties of 
a gas and cannot be liquefied by cooling water at this pressure. If, 
however, the gas be compressed to 734 Ib./in.^ abs. and cooled to 59° F., 
it is found to be saturated and, on a further removal of heat, can be 
completely liquefied. In the jpv diagram the isothermal compression 
curve for 59° F., according to Andrew’s and Amagat’s results, is as shown 
in Fig. 221. At B the COo is dry saturated, and the distance gives 
the specific volume of the vapour at 734 Ib./in.^ abs., while BJS' =a 
gives the specific volume of the liquid. If the COg be compressed at the 
higher temperature 86° F., it is not until the pressure is raised to about 



Ps ILpn^abs. 
Fig. 219 


1040 lb./in.2 abs. that the saturated condition is attained. The specific 
volume of dry saturated vapour at this pressure is smaller, while that of 
the liquid is larger than the corresponding values at 59° F. 

As shown for steam on page 395, the vapour volumes approach the 
liquid volumes as the pressure rises, until, at the point C (Fig. 221), they 
become equal. While the liquid and the vapour can exist in any ratio 
below this point, the difference between the two at the critical pressure 
and temperature disappears. Also, at all temperatures above the critical, 
no difference is to be found between the gas, vapour, or liquid, however 
high the pressure may be. This is shown by the isothermals for 95° F. 
and 122° F. 

Limit curves. As in the case of steam, vapours which are found to be 
at temperatures above the saturation are said to be superheated. 

If any superheated vapour at the state A (Fig. 221) be compressed 
isothermally until the saturated state B is reached, BB^ gives the 
specific volume of the dry saturated vapour. If these specific volumes, 
obtained by test, be plotted against their corresponding saturation 
pressures, the resulting curve GG is obtained. This curve, as shown 
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already for steam, is called the saturation curve. By means of it the 
condition of vapour, i.e. whether superheated, dry, or wet, in any state 
of pressure and temperature can be determined. The point A on the 
right of the curve denotes superheated vapour, B on the curve dry vapour 
and on the left wet saturated vapour. In the latter case the quality or 
dryness is given by the ratio B'B-^ : B'B and the wetness by ByB : B'B. 

Again, if, in the same figure, the specific volumes of the liquid be 
plotted against the corresponding saturation pressures or temperatures, 



the lower or liquid limit curve G'G' is obtained. This separates the 
vapour -free liquid from the wet vapour. 

As shown in Fig. 221 the two curves continuously approach one 
another, ils the point G is approached along the liquid curve G'G', the 
liquid heats increase as well as the pressure and temperature. Starting 
at the lower end of the curve CG, the pressures and temperatures increase 
and the volumes decrease as G is approached. At C itself the values of 
T, p, and v are the same for the liquid and the dry saturated vapour. 

The process of liquef jdng a vapour from the superheated state is as 
follows (Fig. 221). Starting at A, the vapour is first compressed along 
any curve AB (e.g. isothermally, i.e. with vigorous heat removal). In 
this way the saturated state B is reached, the position of which depends 
on the compression path AB. From B onwards no further compression 
is required. In its place a cooling medium is required to withdraw the 
latent heat L. The amount of this depends on the particular vapour 
under consideration. As liquefaction proceeds, the volume decreases, so 
that the piston, previously used in the compression, continues to move 
in the same way, while the pressure, along with the temperature, of the 
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mixture of liquid and vapour remains constant. In practice, the com- 
pression also is effected in a cylinder, while the coohng is carried out in a 
separate vessel (condenser) at constant pressure. As soon as the mixture 
assumes the volume BJS' the whole of the vapour is converted to liquid 
at the pressure corresponding to the saturation temperature. 

The liquid on the isothermals to the left of the liquid curve is said to 
be undercooied* compared with saturated vapour at the same pressure. 



Thus water, at normal temperatures and at all pressures above about 
0*31b./in.2 abs., and CO 2 above 7501b./in.2 abs. are found to be under- 
cooled. It is possible to bring undercooled liquids to the liquid limit 
curve by heating at constant pressure, provided this pressure lies below 
the critical. If, however, the pressure is above the critical the liquid 
passes over to the superheated state without passing through the saturated 
state. So long as its temperature is below the critical it can be described 
as undercooled liquid, and above this as superheated liquid. In the 
latter case it is equally correct to describe it as superheated vapour or 
gas. There exists no limit between the liquid and the vapour in this 
region, 

* An essentially different state, namely, when a substance exists at temperatures 
below the freezing point without solidifying, is also described as undercooled. 
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In compressing superheated vapour or gas from a point such as A 
it is possible that the saturation curve may not be reached. This depends 
on the initial state and on the path of the compression line, which is 
conditioned by the nature of the cooling effect employed. An example of 
this is the compression of CO^ at normal temperatures with insufficient 
cooling. If in the compression the temperature remains above 88° F., 
then, however high the pressure may be raised, it is impossible to liquefy 
the CO 2 , since the limit curve is never reached. Hence, at temperatures 
above the critical, which depends only on the nature of the vapour, 
liquefaction is impossible, no matter what pressure is attained. 

If, therefore, a vapour, whose critical temperature lies below the 
normal cooling water temperature, is to be liquefied, special means must 
be adopted to reduce the temperature below the critical. 

As the temperatures of superheated vapour are lowered below the 
critical, the corresponding necessary liquefying pressures are also reduced. 
The table below contains critical values for Cl,, CO 2 ,, NHg, SOo, and H 2 O. 

Conditions governing the liquefaction of gases. Before the idea of a 
critical state was conceived and the nature of the saturation curve 
understood by tests on COo and other vapours, attempts to liquefy the 
permanent gases were unsuccessful. If, however, these gases are really 
vapours far removed from the satui’ated state, then, by sufficiently lower- 
ing the temperatures, it should be possible in all cases to liquefy them. 
The only practical difficulty lies in the fact that the critical temperatures 
of such gases as oxygen, nitrogen, air, and hydrogen are exceedingly low 
(see table below). Before such low^ temperatures could be produced it 
was impossible to liquefy gases. 

CBITICAL STATE VALUES 

(and Boiling Temperatures at Atmospheric Pressure) 


Substance 

F. 

2^e 

lb. /in.- abs. 

Pg ft.^/ib. 

tL E. at 

760 min. 

Cl, 

285-8 

1193 


-33-9 

CO. 

87-8 

1069 

0-0346 

-108-4 

nh; . 

271-2 

1653 

0-0S36 

- 28-7 

SO. 

312-8 

1159 

0-0307 

+ 17-6 

h,6 . 

705-2 

3200 

0-0464 

212-0 

0 . 

! -181-8 

730-4 

— 

-361-4 

n: 

1 -232-8 

492*0 

0-0515 

-320-1 

h; 

1 -403-6 

156-4 

— 

-423-0 

Air 

1 -221-1 

574-6 

0-0458 

-311-8 

CO 

1 -221-8 

i 

529-1 

i 

— 

310-0 


In July, 1908, Professor Kamerlingh Onnes, of Leiden, succeeded in 
liquefying hehum,'*' so that it can now be claimed that all the known 
gases have been liquefied. Onnes found for helium that the critical 
temperature was - 450*4° F., and the critical pressure 32-7 Ib./in.^ abs. 
Under atmospheric pressure the gas is liquefied at - 451-3° F. During 

^ H. Kamerlingli Onnes. “ XJntersueliungen uber die Eigenschaften der Korper 
bei niedrigen Temperaturen, welche Untersuchungen unter anderen auch zur 
Herstellung von flussigem Helium gefiihrt haben.” (Oommuc, Leiden Labor, 
Supply. No. 35. Nobelpreisnede.) 
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evaporation, the temperature di-opped to - 454-2° F. The lowest pressure 
at which the helium still remained liquid was 0-15 mm. Hg, at which the 
temperature was only 2-1° F. above absolute zero. 

The process of evaporation at constant pressure of cold vapours is 
the same as that of water (page 354). The ab.solute values of h, L, p, and 
H are, however, different for different substances. Thus, while the latent 
heat L of steam is about 1000 B.Th.U./lb., the value for ammonia (at 
about the same distance from the critical point) is only about 550, for 
SO 2 about 150, and for CO^ about 110 B.Th.U./lb. 

Regarding the latent heat L, it should be noted that, as the critical 
point is approached, L continuously decreases, until at the critical point 
it becomes zero. Fig. 222 shows the decrease in latent heat with inci-easing 
temperature for COj, and Fig. 218 for some other substances. 



The reverse occurs in the case of the sensible heats, wdiich att: 
highest value at the critical point. The total heat attains a m 
value before the critical point and decreases thereafter until, 
critical point, it becomes equal to the sensible heat (Fig. 222). 

This is made clear by Fig. 221 and by a consideration of the 1 
discussion on the critical state. The volume increase during eva; 
continuously decreases until at the critical point it becomes zero, 
at this point, the external evaporation heat is zero. The internal < 
tion heat, however, is also zero here, since the fluid maintains its 
aggregation. The total heat is then equal to the sensible heat. 

The same conditions are exhibited by steam near the critic 
(cf. Fig. 205). 

Cold vapour used as working substance in waste heat engines. 

filled with SO, liquid and heated with exhaust steam from a steal 
at about 140° F. is capable of delivering SOj vapour at a pre 
150 Ib./in.® abs. 

Use may be made of this in obtaining useful work from som 
otherwise wasted heat contained in the exhaust steam. Instead 
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cooling •water in the surface condenser of the steam engine, liquid SOg 
is employed as the cooling medium. This causes the SO 2 to evaporate 
and the pressure obtained may be as high as 200 Ib./in.^ ahs., depending 
on the temperature of the exhaust steam. This high pressure vapour may 
be used in a single cylinder engine called a "waste heat engine. 

The exhaust from this engine has to be condensed at constant pressure 
and requires no compressor. If the available cooling water is at 50° F., 
the condensation pressure may be about 50 Ib./in.^ abs. Hence the heat 
drop is that given by SOg between 200 and 50 Ib./in.^ abs. In spite of the 
considerable reduction in heat for a given load effected by this combina- 
tion, however, it is seldom found to be economical, due to the high 
initial cost of the plant. For further details reference should be made to 
the works of Josse. {Mitteihingen aus dem MascMnenlaboratorium der 
Kdniglichen Technischen Hochschule. Berlin II, III.) 

The energy contained in the exhaust steam from a reciprocating 
engine is now utilized in the steam turbine, the operation of which is 
totally different from the above. The steam works in the turbine at very 
low pressures. These turbines are called exhaust or waste heat turbines, 
and operate in the same manner as any other steam turbines. 


THE CLAPEYRON-CLAXISroS EQUATION 

A relationship exists between the latent heat L, the volume increase 
during evaporation, and the slope of the vapour pressure -temperature 



curve, which is of fundamental importance, not only in evaporation but 
also in melting and sublimation processes. 

At A in Fig. 223 let the pressure of 1 lb. of water be py corresponding 
to the saturation temperature T. Also let its volume be o. The pressure 
is now increased by dp by supplying sufficient heat, and the corresponding 
temperature becomes T + dT. The change of state AB occurs along the 
liquid curve. The heat supplied is, therefore, the difference in sensible 
heats corresponding to the pressures p -]- dp and p. This is represented 
on the Tcf) field (Fig. 224) by the area below A'B\ The liquid is now 
completely evaporated at the pressure (p + dp). During this change the 
volume increases by the amount BB-^ = - a, and the entropy by the 

amount BH\ = The latent heat L supplied is the area below B^B\, 
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Thereafter the steam expands from the volume v^, such that it remains 
dry until the point A^^ is reached, where the pressure is equal to the 
initial pressure p, EiAi is thus an element of the saturation curve, and 
the heat added is the area below B\A\. 

From Ai the steam is completely condensed to water, so that the final 
state coincides with the initial state of the liquid at A. During the con- 
densation the heat withdrawn is the rectangular area below’ ^\A'. 

In the cyclic process ABB-^AiA described by the steam, a quantity of 
work equal to the area ABB^A-^ is delivered, and the heat equivalent of 
this work is the area A'B'B\A\ (page 183). The work area is a)dp 
when the small triangles below AB and A-^B-^, w’hich in the limit disappear, 

are neglected. The heat converted to work is ^ dT and its mechanical 
r 1 

equivalent 777*8 ^ dT, 

This gives 

- a)d]) = 777*8 ^ 


or 


^ rp 

777*8 dT 


. (449) 


This is the Clapeyron- Clausius equation. 

The quotient d2^jdT is the slope of the pT curve at the pressure p 
(Fig. 220), and is thus obtained from this curve. If, in addition to this, 
the volume increase (v^- cr) during evaporation be known, the value of 
the latent heat L is obtained (without test) from the equation ; or, if X 
be known by test, then (v^- a) can be calculated. This was the method 
adopted by Zeuner in constructing his steam tables from Regnault’s test 
results. 

If, by test, all the quantities of the equation are known, they should 
satisfy the equation. This is one of the most rigid proofs of the validity 
of the first and second laws of thermodynamics. The most reliable results 
show agreement with the equation as shown by comparing the volumes* 

found from the X and ^ values with the volumes found b}^ experiment. t 


The above equation gives a general relation between the magnitudes 
p, X, and V in the dry saturated state and the magnitudes X and a. It 
offers a means, therefore, of establishing a proof of empirical equations 
which have been established from test results, as, for example, the relation 
between p and T in the saturated state. For the latter, taking the 
approximate gas equation as 


pvs = RTs 


and neglecting a as small compared with gives 
dp _ L dT 


* Z.Vd.I, (1909), page 1768, Holborn and Henning. Latent heat of steam, etc. 
f F, A, Heft 21 (1905). Kjioblauch, Linde, and Klebe. The thermal properties 
of saturated and superheated steam. A comparison of the values is given in 
Z.V.dJ, (1911), page 1506 et seq. 
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Also, by taking L as constant, 

log 2? = constant - ^ 

which is the same as the equation given on page 355. ^ Due to the simplify- 
ing assumptions on which this equation is based, it is obvious that it 
applies within a limited region only. By a more rigid treatment, as, for 
example, taking account of the variation in L with temperature, and 
taking a more exact relation between p, v, and T, a pressure-temperature 
equation holding over a greater range can be derived. 

EQUILIBRIUM BETWEEN THE VAPOUR, LIQUID, AND 
SOLID STATE 

Liquid and vapour. From liquid water at t > 32° P., which completely 
fills the space in a cylinder (Fig. 225a) closed by an air-tight piston, and 

which is maintained at a constant tempera- 
ture, it is found that on suddenly raising the 
piston to a height vapour continues to be 
formed until the pressure in the space evacu- 
ated by the piston reaches a definite value, 
called the saturation pressure It is only 
when this pressure is attained that the 
formation of vapour ceases and thereafter 
equilibrium exists between the liquid and 
vapour. If the piston be again suddenly 
raised to the higher level Ag, vapour forma- 
O 2 tion again continues until the pressure 
attained. This raising of the piston can be 
continued until all the liquid is evaporated 
(stroke volume = Vi). For all intermediate 
values of the total water and steam volumes between 0*1 and Uj + 
equilibrium therefore occurs, and this is not disturbed if the residual 
water is sprayed into the vapour space to form wet vapour. The curve I 
showing these relationships is given in Fig. 226 by plotting the tem- 
peratures to a base of pressures (pressures for H 2 O* in inches of mercury 
and for CO.^t in Ib./in.^ abs.). 

Solid bodies and vapour (Sublimation) . If in place of liquid in the vessel 
closed by the piston (Fig. 2256), ice exists at, say, 15° F., and if this tem- 
perature is maintained constant by external cooling, then, on suddenly 
raising the piston to vapour is again directly formed (without lique 
faction) from the ice until a definite saturation pressure p/ reigns in the 
evacuated space. This pressure is called the ice-vapour or sublimation 
pressure. Thereafter no further evaporation occurs and equilibrium is 
established between the ice and vapour. Evaporation only occurs again 
when the piston is raised to say. By raising the piston sufficiently 
high (in practice, by means gf an exhaust pump) the whole of the ice can 
be converted to vapour, which then occupies the saturation volume v/. 

* From Holbom, Scheel, and Henning's heat values. Phys. Techn. Reichsanstalt. 

t From R. Plank and J. Kubrianofi, Thermal properties of carbon dioxide in 
the gaseous, liquid and solid state. (Berlin, 1929.) 
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A state of equilibrium exists for all total volumes lying between and 
and this state remains unaltered if the residual ice (which may also 
be in the form of snow or hoar frost) is mixed with the vapourf The 
curve II of sublimation pressures is plotted as explained above both 
for CO 2 and HgO, and from the same sources. 

This curve cuts the curve I at a point P, and it is only at this point 
that liquid, vapour, and solid can exist together in stable equilibrium. 
For water, this state is found to be at 32'^ F. and 4-579 mm. Hg jjressiire, 
while for COo it occurs at - 69-9° F. and 75*3 Ib./in.- abs. 



Solid and liquid bodies (Melting). Let the ice contained in the vessel 
(Fig. 2256) be melted. With an external pressure of 15 Ib./in.^ abs. this 
is only possible at a temperature of 32° F,, which remains constant until 
all the ice is melted. If the ice is at 30° F., say, it must be raised to 32° F. 
before it can be melted. If, however, the ice, at 30° F., be subjected to 
a pressure of 1850 Ib./in.^ abs., melting can occur at this temperature 
provided heat be supplied and the ice-water mixture maintains this 
temperature till all the ice be melted. Increased pressures cause a further 
lowering of the melting point. For other substances, as, for example, 
CO 2 , whicli does not, like ice, sufier a reduction in volume on melting 
but an increase, a pressure rise causes the melting temperature to be 
raised. In order to effect an appreciable change in the melting tem- 
perature large pressure increases are required, so that the melting curves 
III in Fig. 226 are almost horizontal. 

The melting curve must pass through the point P, since this point 
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represents the solid-liquid equilibrium state. The point P is called the 
fundamental or “ triple ’’ point. 

The slopes of the three equilibrium curves represented by the 
quotients ^ 

all follow from the Clapeyron-Clausius equation, which applies not only 
to evaporation but also to sublimation and melting, if in place of the 
latent heat L the sublimation heat {L + s) or the latent heat of fusion s 
and the corresponding volumes of the solid state or ice vapour are 
respectively substituted. 

Hence for the equilibrium curves — 

I. Liquid- vapour — 


df 


777*8 


L _1 


. (450) 


II. Solid- vapour — 
dT 


777-8 


Ij s 



III. Solid-liquid- 


- 777-8 


i 1 
T Gi-a-i 


(451) 


. (452) 


From equations (450) and (451) it follows that the sublimation curve 
rises more rapidly with temperature than the evaporation curve, since 
L + 5 is greater than L. From equation (452) it follows for water that, 
with rising melting pressures (+ dp'") the melting temperature drops 
{-dT), since Gu^ is less than Gsoua^ while for COg with Guq^ > g^_ the 
melting temperature rises with the pressure. In addition, the melting 
pressure curve is much steeper than the vapour pressure curve, since the 
volume change - g^qh^ is considerably less than - g. 


ENTROPY AND ENTROPY DIAGRAMS FOR SATURATED 

VAPOURS 

General relations, hot vapours. The treatment already given for 
the entropy and entropy diagrams for water is fundamentally the same 
for all vapours. In order to draw the liquid limit curve the specific heat 
Ciiq of the liquid at the boiling state must be known. This then gives, as 
on page 374, 

_ dT 
T 

If Ciiq^ is constant (independent of T), then 

^Uq. — ^ 

provided the entropy at T^ (== 492) is taken as zero. If c^q is a function 
of Ty as is always the case in the critical region, then (j>uq^ is most easily 
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determined by the graphical method explained on page 377 or page 390, 
In the Tcb diagram the sub tangent of the liquid curve gives the value 
of c,,,. (Fig. 66). 

The entropy of dry saturated vapour is (page 375) 

L 

T 

and the saturation limit curve is obtained by adding the values — to 

the liquid limit curve. In the case of steam the curve thus obtained lies 
to the right of the vertical through the critical point. The slope of this 

curve at any point gives the value If this value is negative so 

that, with increasing temperature {-{- dT) the entropy decreases {-d<l>) 
the saturation curve is of the same nature as that of steam. (Curve I, 
Fig. 227.) The course of this curve is such that steam, which is adia- 
batically expanded from a point on it, becomes wet and, if adiabatieally 
compressed, becomes superheated (points E and C). 

It was impossible to decide before the establishment of the second 
law, whether the one case or the other would occur. The usual assumption 
made was that the steam remained dry saturated during compression. 
This question is of considerable importance in the theory and practice of 
reciprocating steam engines, and has lately been raised in connection 
with the use of other vapours, such as mercury and phenyl ether, as 
working substances. 

It is conceivable that the upper limit curve for other vapours could 
be entirely different from that of steam. Differentiating the expression 
for the entropy of saturated vapour with respect to T, the slope of the 
tangent to the upper limit curve is 

J.Z. 

dT ~ dJ' dT 

~ T T\dT T 

- jlt 

- y [ JT 


This value will be negative, zero, or positive accordingly as 
L>d_L 

1 r 

which gives the rate of change of L as T is increased, is always 
Q/JL 

negative, so that the expression 


dT T 
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is always negative. The course of the entropy curve (Fig. 227) will thus 
depend on whether the absolute value of this expression is greater or 
less than 

Thus, for steam at 150 Ib./in,^ abs., = 358-5'^ F., L = 862-2 B.Th.U./ 


Ih sn th^it, — z= 1-05.5 From the steam tables. L decreases in this 



We thus have 

S J = - 0-875 - 1-055 == - 1-930 
dT T 

while Cji, = 1-06. 

rri,- • 0-87 

This gives _ 

and is thus negative. Again, by writing 
c dT 

d<f}^ = - we have Cj — - 0-87 
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so that Cg, the specific heat of the saturated steam (along the limit curve) 
is thus negative. This means that, in order to raise the temperature of 
the saturated steam by compressing it, so that it remains dry saturated, 
heat has to be removed. Prom the above relation we have 

^liQ T" JJJ 

In the case of mercury at 575° P., we have, from Fig. 218, L = 117 
B.Th.U./lb., so that ~ = 0*113. Prom Fig. 218, L decreases by about 
2*8 B.Th.U. for a rise of 100° F. in this region, so that ^ = - 0*028. 



Fig. 22S 

This gives - 0*028 - 0*113 = 0^^ - 0*141 

and since Cu^ = 0*033, we have 
= *-0*108 

The form of the diagram for mercury vapour (Curve I in Pig. 227) 
is thus similar to that of steam.* 

* A complete T(j) diagram for mercury will be found in Stodola’s Steam and Gas 
Turbines. (5th Edition, 1922, p. 1090.) This contains lines of constant pressure, 
constant volume, and constant total heat in the wet and superheat fields up to tem- 
peratures of 600° C. and pressures of 22 atmospheres abs. 

29 — (5714) 
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For pheiiylether, at t = 515"^ F., L =112*4, and = 0*4, 

112*4 6 

so that c, = 0*4-^^-,=^ = 0*4 -0*169 = + 0*331 

103o 100 

As opposed to steam, the specific heat of this vapour is thus positive 
(along the upper limit curve). If it is to be compressed at constant 



Fig. 229 

dryness, heat must be supplied to it. If no heat be supplied (i.e. if it is 
compressed adiabatically) the vapour becomes wet. Contrary to the case 
of steam, this vapour becomes superheated when it expands adiabatically, 
as shown also by the adiabatic in the T<f> field. 

Fig. 228 shows the Tcf) diagrams for phenyl ether and steam, *** while 
Fig. 229 shows the T(j> diagram for a paraffinf (distilled between 350^^ F. 
and 400"^ F.) along with that of ethyl ether. J 

* See Dow, Power Plant Engineering, vol. yw (August, 1926). 
t See Porsch. Arb, No. 116. H. Hort. “ XJutersuchung von Flussigskeiten.” 
t See Zeitsch.f, Tech. Physik. Ho. 1 and 3 (1922). B. Planck. 




760mm, H q 
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Water vapour at low temperatures. As shown on page 429, water can 
exist only as a vapour or solid at temperatures below 32° F. and at 
normal pressures. The regions of the liquid- vapour and solid- vapour 
states are thus adjacent at 32° F. in the Tcj> field. In Fig. 230 the upper 
part of the Tcj) diagram has been plotted (above 32° F.) from the known 
values of the liquid and vapour entropies. The vapour pressures are 
marked, in inches of mercury, on the horizontals on the left, and in 
lb./in.2 abs. on the right.^' 

The vapour pressure of ice or water at 32° F. is 0-18" Hg. The point 
P is called the “ triple point ” (see page 429). 

If now the latent heat of fusion s = 142 B.Th.U./lb. be withdrawn 
from liquid water at 32° F. (i.e. at the state point P) the water freezes, 

142 

so that the entropy decreases by entropy units, and the new state 

point is at E. If more heat be removed from the ice, its entropy decreases 
by the amount 


/492 

where is the specific heat of ice. This specific heat has the value 
0-5 at 32° F., but decreases as the temperature is lowered till, at - 460° F., 
its value is zero. In this way the ice or snow limit curve between 32° F. 
and - 60° F. is drawn in Fig. 230. If now the ice is sublimated at 32° F. 
(i.e. transformed to the vapour state without passing through the liquid 
state) the entropy increases to the value of the entropy of dry saturated 
water vapour at 32° F. This value is known from the evaporative process, 
since the state of dry saturated vapour is exactly the same as that of ice 
vapour at 32° F. The sublimation heat, added between E and P, 
is equal to the latent heat of fusion, i.e. s = 142 B.Th.U./lb., while the 
sublimation heat added between P and F is equal to the latent heat 
L = 1071 B.Th.U./lb. The entropy change during sublimation is thus 

142 + 1071 _ m3 
492 249 

If the ice is sublimated at any lower temperature, such as 5° F., it 
can be converted to an ice-vapour mixture, or to a vapour, by a supply 
of a part, or of the whole, of the sublimation heat. The sublimation heats, 
however, vary with temperature in the same way as the latent heats. 
They can be determined from the value at 32° F. if the specific heats, 
at constant pressure, of ice vapour and of snow are known between 
32° F. and - f F. They increase slightly between 32° F. and - 60° F., 
and then decrease. The average value beteen 32° F. and - 60° F. can 
be taken as 1215 B.Th.U./lb., so that the change of entropy during 

1215 

sublimation at the temperature T is . The values given by this are 

used in constructing the lower portion of Fig. 230. For an ice- vapour- 
snow mixture, having the vapour content q' Ib./lb. and the snow content 
(1 - q'), the entropy value is found by dividing the intercepts GH between 

* From Holbom, Seheel, and Henning. Warmetahellen d, Phy. Tech. Reichsanstalt, 
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the ice and vapour curves into eq^ual parts (usually 10 in number), in the 
same way as is done in the Tcj) field above 32° F. The vapour pressures 
on the horizontal temperature lines below 32° F. have been marked in 
inches of mercury. 

Example 1. Moist water vapour at 70° F., having a moisture content 
of 40 per cent expands adiabatically to 5° F. Find the snow contents at 
32° F. and 5° F. 

The line 3IN in Fig. 230 gives q' = 0*6 at N, so that the snow content 
at 5° F. is 40 per cent. Similarly at 32° F., q' = 0*63 and l-q' = 0-37 
or 37 per cent. 

If, however, the vapour is initially dry, M'N' represents the adiabatic 
expansion, and the snow present in the ice vapour after expansion is 
only 10 per cent. 

Vapours at low temperatures (Carbon dioxide and air). The entropy 
diagrams of cold vapours are the same in form as those of steam, but 
the critical points are found to be at very much lower temperatures. 
The limiting curve for carbon dioxide is shown by the heavy line in 
Fig. 231. It includes the snow and ice vapour limit curves as given by 
R. Planck.* In Fig, 232 the liquid and vapour hmit curves are shown 
for air. These are taken from Forschungsarbeiten (1926), No. 274, H. Hausen. 
The complete limit curve is situated at very low temperatures, below the 
critical temperature of - 220-7° F. The constant pressure lines of the 
wet mixture are not horizontals in this case, but rise slightly from left 
to right. This is on account of air being a mixture of oxygen and 
nitrogen, which show different boiling points for the same pressure. 

SUPERHEATED VAPOURS 

Characteristic equation. Superheated vapours deviate increasingly in 
their properties from perfect gases as they approach the saturated state. 
The nature of this deviation is shown in Fig. 159, and is of the same 
character for all substances. It is represented by the van der Waal 
equation, / ^ \ 

(v + ^Mv-b) = RT (453) 

This equation thus serves as a typical characteristic equation for all 
superheated vapours. 

When considering state regions far removed from the critical state, 
b is small compared with v, so that equation (453) can be written 


a 

or fv - - (454) 

The term ~ thus represents the deviation from the perfect gas state, 
as explained on page 322. Writing the equation as 
_ RT a 

^ Z,V.dJ, (1929), page 221. R. Planck. 


V 


(455) 
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it will be seen that, for the same p and T values, the volume of super- 
heated steam is always less than that of the perfect gas, the volume of 
which is 

RT 

-y = - 


Since van der WaaFs equation applies to points at, or near, the 
saturated state, as well as to points far removed from this state, it can 



be used as a fundamental test for the various approximate equations. 
Thus, the frequently adopted approximate equation for superheated 
steam, 

pv = RT -Cp (456) 

is fundamentally in error, since the correction term is in the form Op 
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CL D 

instead of If, in equation (454), we take the volume, in the term 

V Cl 

as approximately equal to — , the equation becomes 


The correction term must, therefore, contain the temperature as well 
as the pressure. Equation (456) is thus valid only for a mean steam 
temperature T and within a limited range. 

The variation in the value of the specific heat has recently been 
adopted as offering a rigid test for the validity of any characteristic 
equation in the superheat region. This was first applied, by means of 
the Munich values, to steam, and was later applied to such vapours as 
ammonia, carbon dioxide, and air. The Munich values showed an 
unknown and unexpected rise in the specific heat as the saturated state 
was approached. This, however, is in accordance with van der Waal’s 
equation,* although the amount of the actual increase is greater than 
that found by means of this equation. The considerable rise in specific 
heat with pressure, when the temperature is kept constant, is also quite 
closely in accordance with the van der Waal equation. This was confirmed 
by Holborn and Jakob’s tests. f Again, the results shown by throttling 
of superheated steam and gases agree with the van der Waal equation, 
as confirmed by later throtthng tests, particularly those carried out in 
the Munich laboratory,! There can be no doubt, therefore, of the general 
validity of van der Waal’s equation as applied to the superheat region. 
It is necessary, however, to replace the constant value a in equations 
(453) and (454) by a function of the temperature, as was first shown by 
Clausius with reference to the deviations of CO^ vapour, particularly 
near the critical point. 

Hence with a = f{T) 
equation (455) assumes the form 

V == 

p pv 

If we take§ 

this becomes v = ^ 

p pvT"^ 

and if, in the correction term, we take pv = RT, then 
- ^ 

* See Schiile’s Technische Themiodynamik, vol. ii. Fourth Edition. Article 6. 

t Forsch. Arh. 187 and 188. 

j Forsch. Arh.^ 274. 

§ R. Plank, Z. Techn. Physik (1924), No. 9. “ On the specific heats of super- 
heated vapours.'’ 
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This is Callander’s characteristic equation of superheated steam, where 

-j- 1 == — j so that n = ^. Plank, however, takes -j- 1 = ^ = 3, 

and finds, in this way, close agreement with the Munich Cjj values. 

For ammonia, Plank takes n == 3*6 and finds close agreement with 
the American measurements of the specific heats. 

The characteristic equation, given by Plank,* for carbon dioxide is 


I in lb./ft.2 abs. and T in ° P. abs.) 


in which R = 35-1, a = 9*35, and b = 0*0000695. This applies to pres- 
sures up to 570 lb,/in.^ abs. and to the saturation limit. 


These equations can be 
modified to suit further 
extensions in the super- 
heat field by choosing 
values of a and 6, which 
agree quantitatively with 
test results. t Up till now, 
no equation of state has 
been established which 
represents the whole region 
of state more closely than 
that of van der Waal. For 
technical purposes, how- 
ever, it is preferable to 
represent the state con- 
ditions graphically (as has 
been described for steam) 
since, in this way, account 
can be taken of the test 



results at all states. 233 

Pecent state diagrams for 

steam, carbon dioxide, J and air, which are more extensive and reliable 
than for any other substance, have been constructed in the closest 
possible agreement with test results, combined with a strict adherence 
to thermodynamic relations. 

Specific heat (c^). The nature of the changes in the specific heat 
Cj, of superheated steam, as the saturation curve is approached, are shown 
by the Munich values. At the saturation curve, increases with 
increasing pressures, and at constant pressure decreases as the superheat 
is increased, untH it finally assumes a minimum value and then increases 
with increasing temperature. At very small pressures follows the 
changes corresponding to a gas (see page 48). All the curves of in 


* Rr. Plank and J. Kuprianoff, Beihefte zur Zeitsch. f. d. ges. KalteindtLstrie. 
Reihe I. “ Thermal properties of COj in the gaseous, liquid, and solid states.” 

t See, in particular, Handhuch derPhysih, vol. x. Chap. 3. I. D. van der Waals, Jr. 
j See -first footnote above. 
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Fig. 233 approach this gas curve, as the temperature is increased, and 
Fig. 233 serves generally to show the change in the values for any 
substance, provided its pressure is below the critical. 

At the critical point becomes infinitely large, as shown also by 
van der Waal’s equation. For supercritical pressures, such as 570 Ib./in.^ 
for air or 1000 Ib./in.^ for COg, the variation in is difierent and is shown 
in Fig. 234 for air. (See Forschungsarbeiten No. 274, Hausen.) According 
to this, Cp assumes a maximum value for each pressure, and this value 
is reduced as the pressure is increased, while it approaches the critical 



temperature as the pressure approaches the critical pressure. These 
relations also follow from van der Waal’s equation. 

A large amount of experimental work, showing the relation between 
Cj, and the pressure, at constant temperature, has been carried out by 
Holborn and Jakob.* These relations again show agreement with van 
der WaaTs equation. See Schiile’s Technische Thermodynamih, vol. ii, 
Art. 146, regarding values for pressures up to about 3000 Ib./in.^ abs. 
and temperatures between + 60° C. and - 123° C. 

From the above statements it will be clear that, with regard to the 
total state region of superheated vapours and actual gases, changes 
rapidly with pressure and temperature. The laws governing these changes 
are complicated, but their essential nature can be deduced by means of 
van der Waal’s equation. (See Zeitschrift fur Technische Physik (1923), 
page 460, Jakob.) 

State diagrams. The state of a superheated vapour, or actual gas, is 
represented by the analytical or graphical relation between the three 

* ForscJi. Arb. ISIo. 187 and 188 (1916). The specific heat of air at 60° C. 
and from I to 300 atmospheres. 
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state magnitudes 'p, v, and T, as has already been explained for a perfect 
gas. A diagram of this type, for example, is shown in Fig. 159, in which 
the products pv, for T = constant, are plotted to a base of p. Again, the 
usual diagrams of isobars, with t and v as co-ordinates (such as Fig. 5), 



O'l 0-Z 0-3 0*4 0*5 OS 0-7 OS 


Entropy 0 BJhM*/ lb. ^Fi 

Fig, 235 

‘W 

as well as the Jakob diagram for HjO, in which values of ^ are plotted 
to a base of p values, are state diagrams. 

These diagrams, however, do not give the heat quantities contained in 
gases and vapours. For this, state diagrams in which, for example, the 
total heat H is plotted to a base of temperatures at constant pressures 
(such as the diagram, for steam, shown in Fig. 215, or the H-p diagram 
used by Mollier) are applied and are known as thermal state diagrams. 
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A CO 2 diagram of this type, covering the whole useful field, and drawn 
to a large scale, has been constructed by Plank and Kuprianoff. (See 
footnote on page 441.) The usual temperature entropy diagrams also 
belong to the thermal state diagrams, since heat quantities can be repre- 
sented on them. Figs. 231 and 232 show diagrams for CO 2 and air. 
Again, the Ecf} diagrams first applied by Mollier are thermal state diagrams. 
The first diagram of this type for air, to include the low temperature 
region down to -200°C., was given by Hausen in Forschungsarbetein, 
No. 274 (1926). In its general form this diagram (Fig. 235) is similar 
to the familiar Hcf) diagram for steam. 

THROTTLING OF SATURATED AND SUPERHEATED 
VAPOURS AND OF ACTUAL GASES 

The general conditions relating to throttling have already been dealt 
with on page 210 et seq. It was shown there that the characteristic feature 
of a throttling action is that, before and after throttling, the thermal 
potential remains constant, i.e. 

Hi = H,' 

provided that the approach and leaving velocities are the same, or 
change but slightly. This relation will now be applied to vapours. 
Throttling is of particular importance in refrigeration processes and in 
the liquefaction of gases. 

Wet vapours, (a). Moderately wet vapour. In this case the following 
relation is almost exact 

H' == H ^h + qL 

(Total heat, page 361.) 

Hence, for the throttling process, we have 
h + 9.1^1 = K + 


so that 

Now, in the case of water, 


(457) 


so that 


(458) 


From these relations the quantity after throttling, with a given 
initial quality and given initial and final pressures, can be found. 

In the case of gases, the temperature before and after throttling 
remains unchanged, but this never occurs with wet vapours, since the 
temperature decreases with the pressure, so long as the vapour remains 
wet. The loss of kinetic energy must first be utilized in evaporating the 
liquid present in the vapour. This is made clear by equation (458). If 
this is written in the form 


% 


qi-<h 


■^ 2 "" -^1 


+ 


h ~ ^2 


we have 
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By means of steam tables it is readily found that the second term is 
always positive, so that gg > ^iid drying occurs. If, for example, 
throttling takes place from a pressure of = 70 Ib./in.^ abs. to pressures 
of 

= QO 40 30 20 lb. /in.- abs. 

then 

= 9-9'" F. 35*4° F. 52-2° F. 74*7° F. 

and 

== 7-5 25'S 37*3 52*7 B.Th.U./Ib. 

^2 ~ A thus always smaller than the corresponding value of — 
and since is less than 1 , the second term in the numerator is always less 



than the first. The fraction is, therefore, positive, so that is greater 
than 

If wet vapour is to be just dry after throttling, then 




k - h 


^2 


or 



(^1 ~ ^ 2 ) 

h 


. (459) 


For example, if steam, at 150 Ib./in.^ abs., is to be dry saturated, after 
throttling to 120 Ib./in.^ abs., find the least permissible dryness fraction. 
With L^ = 862-2, L^ = 877-3, = 358-5, and = 341-2 we have 

_ 877-3 - (358-5 - 341-2) _ 860-2 
“ 862-2 862-2 


The moisture content is thus 

2*0 

862*2 


or 


2*0 X 100 
862*2 


= 0*23 per cent 


The drying action due to throttling is, in this case, very small. In 
the same way it is found that 5*1 per cent mixture can be evaporated in 
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throttling from 14*7 Ib./in.^ abs. to 1*47 Ib./in.^ abs. (as might occur, for 
example, in exhausting steam from a cylinder to a condenser). 

The H(j> diagram is particularly suitable for finding the final state in 
such problems, since throttling is also represented by horizontals in the 
wet field. Thus, if steam at 150 Ib./in.^ abs. with 7*2 per cent moisture 
is throttled to 15 Ib./in.^ abs., the final quality is ^ = 0*987. 

When dry saturated steam is throttled, it becomes superheated, as 
shown by a glance at the H(f> chart. Thus, if dry saturated steam is 
throttled from 150 Ib./in.^ abs. to 14*7 Ib./in.^ abs., its final quality is about 
100 F.° range of superheat (Fig. 236). 

The application of the Hcf) chart is just as simple when wet steam 
becomes superheated (Fig. 236), whereas the calculative treatment, in 
this case, is involved. 

In order to measure the quality of steam the throttling calorimeter* 
is used. kSince discharge must take place to the atmosphere, the instru- 
ment is only applicable for moderately wet steam (i.e. not more than 
5 per cent, depending on the steam pressure). By means of the measured 
range of superheat after throttling, along with the initial and final 
pressures, the initial steam quality is determined. Thus 

= - 9^2 4 “ 


so that 

Due to the variation in the value of it is better, however, to make 
use of the Hch chart in finding the unknown initial state. 

Excessively wet vapours and pure liquids. Instead of making use of 
the relation H' - H it is necevssary, in this case, to introduce the exact 
value for H'. 

According to definition, this is 
H' = I Apv 

Now, for a wet vapour, we have 

I — h IP 

so that H' = ^ + qp + Apv 
The total heat, however, is 

E = Jb qp + Ap{v - a) (see page 364) 

so that the thermal potential H' is greater than the total heat by the 
amount Ape, (For water, a ~ 0*016 ft.^/lb.) For the states before and 
after throttling, we now have 


Now, at points which are at some distance from the critical state, 
we can take = 0*2 = o, so that 


A very complete theoretical and practical treatment of the throttling calori- 
meter will be found in Forsch. Arb. No. 98 and 99, by A. Sendtner. 
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Compared with the corresponding expression for moderately wet 
steam it is seen that is now larger b^y the last term in equation (460), 
i.e. more evaporation occurs. 

When the initial state is all liquid at the saturation temperature we 
have, with = 0, 




■ (461) 


For water, \ and can be replaced by U and 

Example 2. Liquid water, at 1301b./in.‘^ abs., and at the saturation 
temperature of 347-4° F., flows into a space which is filled with steam at 
14-7 Ib./in.^ abs. Find the quality at discharge. 

With q = 347-4, = 212, and L^ == 971*4, we have, after throttling, 


347*4-212 144 /130-14-7 

971-4 ^ 778 1 971*4 


= 0-1395 + 0-00035 = 0-1398 

The second term is relatively small and could be neglected. 

Example 3. Liquid ammo- 
nia at 171 Ib./in.^ abs., and at r 
the corresponding saturation / ^ 

temperature of 86° F, is — 

throttled to 41-5 Ib./in.^ abs. \ 

Find the resulting percentage .o^^\ v 

evaporation. ^ 

The back presvsure of 41*5 t 2 > 

Ib./in.^ abs. corresponds to a 

saturation temperature of 14° lx I ^ ^ 

F., lor which the latent heat ^ 

is L 2 = 580 B.Th.U./lb. The ^ 

liquid heats at 86° F. and ^ 

14° F. are = 51-3 B.Th.U./lb. LslJ ^ 

and h^ = - 15-9 B.Th.U./lb. ^ 4 

respectively, while u = 0-0256 Fig. 237 

lb./ft.3 

These now give 

51-3 + 15-9 144 /171 - 41-5 _ 

-m m[ sm 


= 0*116 + 0-0011 = 0*1171 

Hence 11*71 per cent of the moisture is evaporated by the throttling 
of the liquid ammonia. Here, again, equation (457) would suffice. 

The throttling process on the T<f> diagram is shown in Fig. 237, by 
the line AqBq for boiling liquid and A^Bi for wet vapour. Point is 
located by making the shaded areas below GAq and OqBq equal to one 
another, while B^ is located by making the shaded areas below GAqA^ 
and C^Bj_ equal to one another. The thermal potentials at Aq and Bq are 
then equal, as also those at A^ and B^, 

Superheated vapours. The expression for the internal energy I of 
these vapours is readily obtained when it is remembered that the whole 
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of the absolute work obtained in adiabatic expansion is derived from the 
internal energy of the expanding substance. It is now known that the 
expansion of superheated steam follows the law 

= 0 (with y = 1*3) 


The same type of law applies, at least within certain limits, to other 
vapours (such as ammonia, sulphur dioxide, and carbon dioxide.) The 
absolute expansion work is given by (see page 108) 

E = {pV - p^Vs) 

where pv refer to the final state and pv^, refer to the initial state. 


Hence 


lo = 


(pv-PoVo) 


(462) 


From this the throttling equation becomes, when the kinetic energy 
is neglected and the terms Iq and PqVq are cancelled on both sides 

A 


or 




so that = P 2 V 2 


(463) 


In throttling, therefore, the product of the pressure and specific volume 
remains constant. The same applies to the throttling of a gas. 

For steam, we have approximately 

= BT^ - 0 * 2563^1 

and P 2 V 2 — RT2-0-2^&Bp2 (see page 372) 

Hence - Tg = ( 3)1 -^> 2 ) 

and with R == 85*85 


- ^2 = (P in lb./ft.2 abs.) 

or — g^^ (p) in lb./in.2 abs.) 


As opposed to gases, a temperature drop thus occurs, due to throttling. 
Thus, if the pressure drop is 35 Ib./in.^, the corresponding temperature 

35 

drop is ^ = 15-1° H. 

and is thus appreciable. 

The entropy diagram enables a closer determination to be made. 
In the Tcf) diagram II, the change of state during throttling is repre- 
sented by the curves H = constant. 
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The diagram gives, for example, for initially dry saturated steam 
at 100 lb. /in.® abs. and throttled in the steps, 

100-70 70-40 40-14-7 Ib./in.s abs. 

a temperature drop of 

11° 11° 13*5 F°. 

If the initial pressure of the dry steam is 200 Ib./in,^ abs., then, for 
pressure drops of 

200-185 185-155 155-128 128-100 100-70 70-40 40-14 

the temperature drop is 

6° F. 6-7° 7° 8° 8*5° 9-5° 12° F. 


If, on the other hand, initially superheated steam, at about 570° F. 
and 155 Ib./in.^ abs., be throttled, then for the pressure drops 

155-128 128-100 100-70 70-40 40-14-7 (Ib./in.^) 

^2- ==: 2-3° F. 2-7° F. 3-1° F. 3-6° F. 6° F. 
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Hence, the relations during throttling of steam are much less simple 
than those given by the Tumlirz-Linde equation, and by the assumption 
made above on the internal energy. The above simple equation gives 
temperature drops which are much too high. 

The expressions for the internal energy and total heat given above 
only hold approximately. A closer value for superheated steam which 
holds also for gases is obtained as follows. 

For a perfect gas, which follows the law pv = RT, the true and mean 
specific heats at constant pressure {c^ and are independent of the 
pressure, and therefore also of the total heat H measured at any initial 
temperature By plotting the total heats of this gas to a base of tem- 
peratures (Fig. 238), a single curve suitable for all pressures (p == 0) is 
obtained (see page 65). For monatomic gases is independent of the 
temperature also, and hence the H-t curve is a straight line; for poly- 
atomic gases, on the other hand, increases with temperature, and the 
H4 curves deviate from the straight line, this deviation increasing as 
the temperature increases. 

For a superheated vapour near the saturation limit, depends not 
only on the temperature but also on the pressure, and for the same 
temperature increases when the pressure is increased. If the total heats 
are calculated at a definite temperature by adding the extra superheat 
to the total heats at the saturation states, it will be found that the H 
values decrease as the pressure of the superheated steam increases 
(points Bq, B in Fig. 238). In the expression 

H = H s {t - 1^) 

Hs increases but slowly as the temperature rises (page 399), and at high 
pressures actually decreases, while for a given temperature t the range of 
superheat t - tg decreases as the pressure is increased. Hence H becomes 
smaller as the pressure increases in spite of the increase in the value 
of c«*«. 

The change in state caused by throttling is represented on the H4 
diagram by an horizontal straight line BC^Oq (Fig. 238), from which it is 
seen that, as the pressure decreases, the temperature also decreases. 
Hence the throttling of superheated steam is always accompanied by a 
cooling effect A^, which increases as the pressure drop increases. 

The tests mentioned on page 405 lead reversely to the determination 
of the total heats. 

If an H-t diagram is available, such as shown in Fig. 215 for steam 
or 238 for air,"^ the cooling due to throttling can be directly determined. 
The H-p diagram, as constructed by Knoblauch, Eaisch, and Hausent 
for steam, and for COg by Plank and Kuprianoff, j; can also be used. 

In thep-y diagram, the throttling process is as represented in Fig. 239. 
It can be considered as made up of two steps — 

1 . Adiabatic frictionless discharge through the throttled opening down 
to the back pressure pg. This is shown by the line AGi (Fig. 239) which, 
for superheated steam, is given by the law pv^ = G. The energy of the 

* From F.A. 274 (Hausen). The first diagram of this type was constructed by 
Pollitzer ges Kdltemdustrie (1921), page 125). 

t Tables and diagrams for steam (Footnote, page 356), 

t Thermal properties of CO^ (Footnote, page 441). 
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issuing jet is equal to the shaded area — AH^^, and the tem- 
perature falls correspondingly to Tj. The velocity is F'g. t/o 

2. Reduction of the kinetic energy to the initial value ~ at 

2g 

constant pressure. Due to this, the steam is re-heated by the amount of 
drop This has the same effect as external heating, 

and in the case of a perfect gas is sufficient to bring the gas temperature 

back to its original value, and to increase the volume to = 

Any other type of throttling leads to the same final result, e.g. throttling 
through a porous stopper offering considerable resistance to flow, so that 
most of the kinetic energy is destroyed, apart from the initial value 



at . All three processes lead to the same final state J5. In the case 

of superheated steam the volume is of the same magnitude as for gases, 
but the temperature at B is lower than the initial temperature since 
its isotherm (as given by van der Waal’s equation, say) lies above the 
gas isotherm. 

In the H(j> diagram, the three processes are as shown in Pig. 240. 
They all lead to the same point B, but since the isotherm in this diagram 
rises, as the pressure decreases, the temperature at B at which 
is lower than at A. Compare also the diagram drawn to scale for super- 
heated steam in Fig. 236. 

H. Hausen has carried out a large amount of experimental work on 
the Joule-Thomson differential effect for air. The tests extend to pres- 
sures of 200 atmospheres and temperatures between + 10° C. and 
- 175° C.* These tests enabled Hausen to construct a complete state 
diagram for air as detailed below. 

I. Joule-Thomson differential effect for temperatures between 900 
and 90° 0. abs. (+ 27° C. to -183°C.) and pressures from 0 to 200 
atmospheres as dependent on the temperature, with curves of constant 
pressure. 

* F.A, 214c (1926). H. Hausen. The Joule-Thomson effect and properties of 
air. (Comm, of the Lab. Phy. Tech, of Munich Hochschule ; and from the Linde 
Eisenmachinen A.G., Munich.) 
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2. The same, with dependence on the pressure and with curves of 
constant temperature. 

3. Dependence of the specific heat on the temperature, with 
curves of constant pressure (see Fig. 234). 

4. HT diagram (as in Fig. 238). 

5. Tcj> diagram, with curves of constant pressure and constant total 
heat (throttling curves). 

6. Hcf) diagram, with curves of constant pressure, constant tem- 
perature, and constant vapour quality (as in Fig. 235). 

7. diagram (as in Fig. 159). 

Actual gases. It has been shown on page 212 that when an ideal 
gas is throttled no change in temperature occurs, even for large pressure 
drops, apart from the slight cooling caused by an increase in velocity. 

Superheated vapours, contrary 
to this, however, show a de- 
cided temperature drop when 
throttled. 

If now the actual gases are 
merely vapours far removed 
from the critical state (highly 
superheated vapours), it is to 
be expected that they should 
also show a temperature drop 
due to throttling. This cool- 
ing effect was established by 
Thomson and Joule (1853) for 
pressures up to about 70 Ib./in.^ 
Fig. 240 abs., and temperatures between 

0° and 90° C., previous to the 
discovery of the critical state by Andrews (1869). They found that, 
for air, At == 0-034 {p^ -P 2 ) T Ib./in.^ abs.) 

while, for COg At == 0-171 

For steam, it was shown above, that 

= 0-09 (P 1 -P 2 ) 

depending on the pressure and the range of superheat. 

Of these three substances, air is the farthest from the critical state, 
and shows accordingly, for the same pressure drop, a cooling effect 
20 per cent of that for CO 2 and from 38 per cent to 9 per cent of that for 
superheated steam. 

The temperature drop for gases depends also on the absolute tem- 
perature level. According to Thomson and Joule it is inversely propor- 
tional to the square of the absolute temperature. For air, therefore, 

At = (464) 

with a = 0*034 for air and 0*171 for COg. 

The Joule-Thomson equation (464) shows that the cooling due to 
throttling depends on the pressure drop and not on the absolute 

amount of the pressure. The same cooling effect is, therefore, obtained 
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between 10 and 8 atmospheres, or 8 and 6, or 6 and 4 atmospheres. If, in 
these throttHng actions, the initial temperature is the same, the cooling 
effect is also the same. If, however, very large pressure differences are 
considered, so that a considerable amount of cooling occurs, the tem- 
perature drops during throttling, and, due to the dependence on the 
temperature (as shown in equation (464) ), the cooling, for a pressure 
difference, say, of 100 atmospheres, is not 10 times that for a difference 
of 10 atmospheres. For an elementary change, equation (464) gives 


dT = a 


4922 

JJ\2 


or THT —ax 4922 dp 

Integration gives 

UT^-Ty_^) = ax 4922(^,-p,) 

Hence — 'V T-^ - 3 x a X 4922 

so that the cooling effect is 

^ X 4922(^^ -^ 2 ) • (^^5) 


This is the total throttling effect, whereas the cooling effect per 
1 lb. /in. 2 pressure drop is 


and is called the differential throttling effect. Its value is, of course, 
most easily determined from the H4 or Hp or H(f> diagrams, when these 
are available. 

From the later tests carried out at Munich,* at the higher pressures 
up to 150 atmospheres (as compared with Thomson and Joule’s 4-5 
atmospheres) it is now known that the cooling effect is not entirely 
independent of the initial pressure level. 

The coefficient a of equation (464) actually becomes smaller at higher 
pressures, so that the cooling effect is also reduced. Noll gives, 

for air, 

a = 0-0339 ~ 0*00000765p {p in lb./in.2 abs.) 
and, for oxygen, 

a = 0-0396 - 0-00000756y 


The dependence of the cooling effect on the temperature is also (as 
shown by equation (464) ) to be regarded as valid for not too low tem- 
peratures. This is obvious on examining the state diagrams of Hausen 
(Fig. 238), which also apply to gases. Compare Schtile's, volume ii, for 
the reversal of the throttling effect, whereby, instead of cooling, heating 
occurs. For air this occurs at + lO*^ C, when p = 4500 Ih./m? abs. 

* Tests by E. Vogel oa the temperature change of air and oxygen on being 
throttled at 10° C. and from pressures up to 150 atmospheres. F.A,, vols. cviii and 
cix. Also Noell, Dissert. (Munich, 1914). 
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The Linde liqueiaction process. This process is based on the small 
cooling effect produced by throttling a permanent gas from a high to a 
low pressure* 

A compressor is used to produce air at a high pressure (1500 Ib./in.^ 
or more). This compressed air is reduced by means of a throttle valve 
fitted in the delivery pipe to a lower (but still high) pressure, in the same 
way as in vapour refrigerating machines. The throttled air is again 
drawn into the air compressor, recompressed, and again throttled. It 
thus describes a repeating cycle between the same pressures. 

If now the compressed air pressure is 1500 Ib./in.^ abs. and the pres- 
sure after throttling 300 Ib./in.^ abs., the temperature drop is about 

Nt = 0-034 X 1200 = 40-8^ T. 

If the temperature of the high pressure air is 80° T. say, the tem- 
perature of the throttled air is 39-2° F. This colder air can now be 
returned to the compressor and used on its way to cool the warmer 
compressed air coming from the compressor. For this purpose, the colder 
air is led through a pipe placed concentrically in a larger pipe (the outer 
surface of which is very thoroughly insulated), through which the warmer 
air flows in the opposite direction. An efficient heat exchange is effected 
by the use of very long pipes (about 300 ft.). If this heat exchange were 
complete the throttled air would be heated to the initial temperature of 
the high pressure air, while this, in turn, would be cooled to the initial 
temperature of the throttled air, and would in the above case arrive at 
the throttle valve with a temperature of 39*2° F. In flowing through the 
valve the temperature drop is again 40-8° F., since the pressure drop is 
the same. This gives a temperature, after throttling, of 39*2 - 40*8 = 
“ 1-6° F. This air is again used to cool the high pressure air, and with 
perfect heat transmission is heated to the initial temperature of the high 
pressure air, while this in turn is cooled to - 1-6° F. By repeating the 
cycle many times the throttled air is continuously cooled, and is finally 
reduced to the state of a vapour. This is gradually condensed to liquid, 
which is collected in a vessel behind the valve. 

By introducing a fresh supply of air into the system it is possible, in 
spite of the coohng and conversion of part of the air to liquid, to maintain 
the pressures constant and continuously produce fresh liquid. 

There are thus two distinct periods which can be described as the 
starting period and the steady period. The starting period can extend 
to several hours, since not only the air but also the pipe system and the 
insulating material have to be cooled down, and complete insulation is 
never attained. 

An extensive treatment of this and other liquefying systems will be 
found in Schiile’s, volume ii, 4th Edn. (1923), Art. 72, using the van der 
Waal equation as basis. Hausen has recently given a satisfactory repre- 
sentation of the processes (in the steady period) involved in liquefaction 
by means of the complete state diagram mentioned above.* 

* Zeitsch f. d. gesamte Kdlte-Industrie (1925), vols. vii and viii. H. Hausen. “ On 
the calculations of air liquefaction plants based on the measurements of the Joule- 
Thomson effect.” Also in the Jubilee Edition, 50 Jahre Kaltetetecknik (1879-1929), 
History of the Linde Eisrimchinen AM., Wiesbaden. H. Hausen. ‘‘ The physical 
fundamentals of gas liquefaction and rectification.” 
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In the Hansen H t diagram the process described above for the starting 
period, which finally leads to liquefaction, with an initial pressure of 
28501b./in.2 abs. and temperature of 32° P., is represented in Fig. 238. 
All losses of heat have been neglected here. The line I-l shows the 
first throttling. Due to this the throttled air is cooled to - 45° F., and 
this is used to cool fresh air at 2850 Ib./in.^ abs. and 32° F. to the point II. 
This is repeated until, at VII, the pure liquid state is reached. 


\(iuET,cruei) 


CALCULATION OF THE AVAILABLE WORK AND THE OUTLET 
VELOCITY OF STEAM BY MEANS OF THE HEAT DROP 

The available work E^ due to expansion of 1 lb. of steam from the 
pressure to the back pressure is represented by Fig. 241, in which 
BC is the adiabatic -pres- 
sure-volume curve. This 
work is the same, whether 
performed in a reciprocat- 
ing engine or turbine with 
complete expansion, or 
appearing as kinetic energy 
of a discharged jet. In the 
latter case the corresponding 
outlet velocity is (page 222) 

F = 

The work area is ^ /-xr > 

+ area BCC'B' 

The absolute expansion 
work E^ = BCC'B' is, for 
an adiabatic change of state, 
equal to the decrease in internal energy (/) of the steam between B and C, 
since it comes entirely from this change (page 380), 

Wet steam. From page 363 at B, 



Fig. 241 


and at C, 


A = ^ + qiPi 

Jg = ^2 d" 


where and are the dryness fractions of the w'et steam at B and C. 


Hence J?, = ^ + t-(A 2 + 777-8 

so that AEq = -f" -f- Ap^Vj^ ~ (Ag -f- -f- ^.^2^2) 


The value Ji + qp + Apv is completely determined from the state of 
the steam, and is known as the thermal potential at constant pressure 

With 
this gives 


H'== h + qp + Apv = / + Apv 

Eq = 777-8 {H\ - H'z) and V = 223-8 (466) 
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The value - H'^ is called the “available work,” or, more commonly, 
the “ heat drop.” 

As shown on page 364, the total heat of wet steam is 
= h-\-qp+ P{v - 0-016) 

If the volume 0-016 of the water be regarded as negligible, compared 
with the volume v, which, even for very wet steam, is permissible, then 

Hw==H' 

i.e. the total heat is the same as the thermal potential at constant pressure. 
The latter is only greater by the amount Apa^ so that e.g. at 200 Ib./in.^ 
abs. the difference is 

^ = 0-678 B.Th.U. 

777*8 

which, compared with the absolute value of between 1000 and 1200 
B.Th.U., is negligible. 

Hence, very closely, 

E, = 777*8 

It should be carefully noted that, although for initially dry steam 

is given by the tables, cannot be found directly from the tables, 
since, at the end of adiabatic expansion, the steam is wet. It is necessary 
to determine from the relation 

H,„==K- • ^ ' ' ’ ■ - 

after the quality ^2 expansion is determined from the Tcf> 

diagram as shown on page 379. 

See the next paragraph for a simpler method of finding the heat drop 
by means of the H<f) chart. 

Superheated steam. The work area A E^ (Fig. 241) is given, in general, 
by AE^ = - Ap^v^ 

or AE^ = H^-H^ 

The entropy diagram is used to determine this value, since is the 
total heat at the end of adiabatic expansion. The value of E^ (Fig. 241) 
can, however, be determined by calculation, using the equation = 
constant, provided the final state is still in the superheat field. 

The heat drop in the entropy diagram. In the T(f> diagram (Fig. 242) 
the adiabatic expansion from pj^ to p^ is represented by the vertical 
when the steam is initially dry, by A^B^ when it is initially superheated 
and finally wet and by A^B^ when it is initially and finally superheated. 

At the initial state A^ the total heat Hj is, for dry saturated steam, 
the area below OMA^ and is the area below ONB^, Hence the adia- 
batic heat drop is given by the area A^B-J^M, For initially wet 

steam, of quality this area is reduced by the rectangle lying to the 
left of A-jJB-^. 
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From page 37 6, the heat drop for initially wet steam is 

[T^ - T,) + Jh~K- ihi - 4>n)T^ 

where and are the liquid entropies. 

For small heat drops, 

Ajff = At approximately 

and for At = F. 

AH = 

For steam at 150 Ib./in.^ abs. 

= Arr 862-2 ,,, 

this gives AH ~ = 1‘06 

B.Th.U. 

while for steam at 1-5 Ib./in.^ the 
value is 1028 , „ 

575-5 B.Th.U. 

For superheated steam at the 
initial state the value of 
is given by the area below OMA^A^ 
and 1^2 -®3 below 

ONB^B^, hence the value ~ is 

given by the area N MA-^A^B^B^N . 

For superheated steam at ^2 
value of — is the area Fig. 242 

NMA^A^B^N. 

An equation, similar to that for saturated steam, cannot be established 
owing to the variation in c^. 

On the other hand, it is found, from the Hcj) diagram, that the adiabatic 
heat drops in the superheat field depend essentially on the temperature 
limits and t^. Thus between 650° F. and 300° F., 170 

B.Th.U., whether starting at 300 Ib./in^ abs. or 15 Ib./in.^ or any inter- 
mediate pressure. The following values of AH are the means between 
and up to the given upper pressure, as given by diagram III and the 
Munich T(f> diagram. 


F. 


4H, 

(Munich Chart) 

I \ 

Schiile | 

Upper Pressure 
Limit 

850 

750 

0-490 

0-480 I 

lb. /in.® abs. 

570 

750 

650 

0-480 

0-480 

427 

650 

550 

0-460 

0-460 

356 

550 1 

450 

0-470 

0*465 

180 

450 

350 

0-450 

0-470 

i 115 

350 

250 

0*460 

0-460 

85 

250 

150 

0-460 

0-460 

20 

150 

50 

0-460 

0-460 

3-5 




458 


TECHNICAL THEBMODYNAMICS 


In the diagram (Fig. 243) in which the total heats are plotted to a 
base of entropy values, an adiabatic expansion is represented by a 
vertical line. The lines of constant pressure and constant temperature 
are discussed in the next section. The total heat in the initial state, 
is represented by the ordinate at Aj_ for dry steam, and the ordinates 
such as A 2 and A^ for superheated steam. The total heats in the final 
states ^ 1 , are also given by the ordinates at these points. Hence 

the adiabatic heat drops between the limits and 

by the lengths A^B^, and ^ 3 ^ 3 . They can, therefore, be determined 

by using the scale for the 
ordinates, whereas on the T<f) 
diagram a planimeter has to 
be used to measure the areas 
corresponding to these heat 
drops. 

This integration can, of 
course, be avoided in the Tcj) 
diagram if curves of constant 
total heat be drawn in, but 
the heat drops are not given 
by the lengths between the 
pressures. 

H<l> DIAGRAM FOR STEAM 

Since the introduction of 
steam turbines, entropy dia- 
grams have been extensively 
Fict. 243 used, mainly because, with 

their aid, the effect of the 
resistance to flow on the changes of state in nozzles and chanuels is at 
once made clear. The Hcj) diagram is constructed as follows — 

The total heat values for dry saturated steam are first plotted against 
the corresponding entropy values (Fig. 244), and the pressures marked at 
suitable intervals. This gives the curve AB, called the saturation limit 
curve, for pressures between 250 and 0*5 Ib./in.^ abs. In the same way 
the liquid limit curve A^B^ is drawn between the same pressure limits. 

In addition, it is necessary also to be able to represent the more 
important state changes on the diagram, such as those of constant 
pressure and constant temperature. The state changes at constant pres- 
sure in the wet field are given by straight lines. If, for example, dry 
steam at 225 Ib./in.^ abs. has heat taken from it at constant pressure, so 
that it is condensed, H and change, as shown by the straight line A A'. 
Hence this change of state for different pressures is given by joining the 
points representing these pressures on the two limit curves by straight 
lines. 

Thus for wet steam the total heat is 

=: h + qp+ ^ (page 363) 
and in this v = -f (1 - q) 0*0016 (page 358) 





Fig, 244 
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so that if = A + gp + {'»s - 0-0016) + 

Again, the entropy is 

<t> = + Y 

Now in the expressions for H and all the quantities except q remain 
constant when the pressure is constant, and by eliminating q from the 
two equations, a linear equation connecting H and ^ is obtained. This 
equation, therefore, is represented by a straight line on the H(l> chart. 

The entropy and total heat increases are directly proportional to q. 
Hence it is only necessary to divide the distance AA-^ into 10 equal parts, 
say, to obtain the qualities 0, 0-1, 0-2, 0-3, etc. Thus, at A' the quality 
is 0*7, because 


In the same way the qualities on the other constant pressure lines are 
obtained. 

The change of state at constant quality is obtained by joining the 
points of equal quality on the lines p = constant, e.g. A'B' for q = 0-1. 

The lines of constant pressure in the saturation field are also iso- 
thermals. 

In the superheat field, the curves of constant pressure, which form the 
continuation of the straight lines of the saturation field, are plotted by 
determining the entropy values (from the Munich values). 

Since the curves of constant temperature are almost horizontal, the 
total heats required to produce superheated steam are practically inde- 
pendent of pressure so long as this is not above 300 Ib./in.^ abs. 

Thus the total heats for steam at 650*^ P. and pressures 
of 200 150 50 15 lb./in.2 abs. 

are 1352 1355 1362 1364 B.Th.U./lb. 

The change of state due to throttling is represented by horizontal 
lines on the H(f) diagram, since the total heat remains constant. It is 
preferable, however, to use the H -t ot H -p diagrams. 

Example 4. Find the adiabatic heat drops to 1*5 lb. /in.^ abs. for 

(а) initially dry saturated steam at 150, 100, 50, and 15 Ib./in.^ abs. ; 

(б) initially superheated steam at the same pressures, and at 650° F. 

Fox saturated steam at 100 Ib./in.^ abs. the heat drop is equal to the 

distance ab in Fig. 244. This gives 273 B.Th.U./lb., so that the equivalent 
work is 777*8 x 273 == 212,340 ft. lb. For superheated steam at 100 lb./ 
in.2 abs. and 660° F. the heat drop is given by a'6' = 337 B.Th.U. and 
the corresponding work is 337 x 777*8 = 262,118 ft. lb. 

In this way the chart gives, for the pressures, 


p == 150 

100 

50 

15 

lb. /in.® abs. 

for saturated steam, 

H 1 -H 2 = 299 

273 

226 

148 

B.Th.U./lb. 

and for superheated steam, 
Hi -Ha 361 

337 

292 

220 

B.Th.U./lb. 
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Example 5. Find the thermal efficiency of a steam turbine operating 
on an ideal cycle with the temperatures and pressures of the previous 
example. 

The thermal efficiency is the ratio of the heat drop given in Example 4 
to the heat supplied (see page 486). The values of the latter, for the 
different pressures, are as follows for saturated steam — 


H-^-h = 1116 

1108 

1093 

1068 

Vth — 0'268 

0-246 

0-206 

0-139 

and, for superheated steam, 




Hi-h= 1272 

1275 

1279 

1281 

rin = 0-284 

0-264 

0-228 

0-17 


Example 6. Find the discharge velocity when steam at 150 lb. /in.- 
abs. and 650° F. is expanded in a suitable nozzle to 1-5 Ib./in.^ abs. 

The velocity is given by 

With . ■ 1^2 as the heat drop 

E = 777-8 

so that V = V2g 777-8 i - H^) = 223-8 

From the H<^ chart, 

= 361 

hence V = 223-8 VSBl = 4240 ft. /sec. 

Example 7. Find the percentage decrease in available work caused 
by the throttling of dry saturated steam from 100 Ib./in.^ abs. to 80 Ib./in.^ 
abs., when the back pressure is 1-5 Ib./in.^ abs. 

The throttling from 100 to 80 Ib./in.^ abs. is given by the straight line 
ad in Fig. 244. The heat drop, after throttling, is given by de, while 
before throttling it is given by ah. The decrease amounts to 14 B.Th.13., 

14 

hence the loss amounts to X 100 = 5-1 per cent. The thi'ottled steam 

is superheated (point d). Dry steam at 80 Ib./in^ abs. gives a heat drop 
of 254B.Th.TJ,, and is thus 272-254 = 18 B.Th.U., less than that for 
the dry steam at 100 Ib./in.- abs. Hence most of this is lost, due to 
throttling, 

REPRESENTATION OF FLOW RESISTANCES IN ENTROPY 
DIAGRAMS FOR STEAM 

The flow of gases and vapours has been considered on page 215 et seq. 
On page 307 the effect of friction on the velocity is dealt with, and the 
useful and lost flow energy represented on the entropy diagram for gases. 

For saturated and superheated steam the representation of the con- 
ditions on the entropy diagrams is as follows. 

Saturated steam. The area AB'NM in Fig. 245 represents the adia- 
batic heat drop If B represents the actual final state point, from 
page 309, the rectangle below BB' gives the loss in kinetic energy and 
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amounts to ^ This is also equal to {q^ — q' 2 ) L where and q' ^ are 
the qualities at B and B\ and L is the latent heat at the lower pressure. 

Hence ^ = (q^ - q'z)^ (4h7) 

or the increase in dryness due to friction is 


12 - q'2 = 



(468) 



Fig. 245 



Fig. 246 


Again, if and v'2 are the specific volumes at B and B\ then, since 
V 2 = '^'2 — I 2 ^s 2 ’ volume increase, due to friction, is 

V2-V'2 = (^2 “^' 2 ) ^52 

or, with equation (468), 

v^-v\=^v,^ (469) 


The proportional increase in volume ; — - = ^ 

'> 


is then 




. (470) 


The actual final volume is 


^2 = (1 + PW 2 = (1 + /S) q',v,2 . . . (471) 

On the H<f> diagram (Fig. 246) for steam initially dry at the state Ai, 
the adiabatic drop is = A^B\, If B-^ represents the actual final state, 
the total heat here is greater than that at B\ by the frictional heat ^ 
which is represented by the distance C^B\, If I is given, the final state 
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point Bi is thus readily located. It is only necessary to measure the 
distance ^ vertically above £\ giving C\, and then draw an horizontal 
through to cut the curve = constant. 

Superheated steam. In the Tcj) diagram, the adiabatic heat drop is 
given by the area NMA^A^B'^CN, while the loss due to friction is given 
by the area below B'^B^. The latter is the superheat at constant pressure 
P 2 between the temperatures at and B^- 

Since the mean specific heats are usually reckoned from the saturation 
curve, it is preferable to employ a graphical solution. This is made much 
more convenient if lines of constant total heat are drawn on the entropy 
diagram. It is only necessary then to locate B^ where the curve = con- 
stant intersects the curve of total heat H = constant, having a value 
greater than that at B'^ by the amount ^ The adiabatic heat drop is 
similarly determined when the final state point is in the superheat field, 
by noting the total heat values at ^3 and B'^ and taking the difference. 
If S'g lies in the wet field it is better to employ the Hcj) chart. 

In the H(f> diagram, B\G^ is again equal to ^ as explained for 
saturated steam. 

General form of equation of flow applicable to any fluid and any type 
of flow without the addition or supply of heat is given from the above as 
follows — 

In the general flow equation, with friction 


the loss ^Eq is equal to the difference in total heat at constant pressure 
between the actual and adiabatic final states, 

i.e. 

The adiabatic friction drop AEq is equal to the difference in total 
heats before and after adiabatic expansion, 

= (472) 

The actual kinetic energy is thus given by the difference in total heat 
at the initial and final states (distance A^O^ in Fig. 246). 

If, at the beginning of expansion the initial velocity is Fq, then 

== (473) 

2g 2g 

and hence, for an elementary change, 

Ad^ = -dH . - (474) 

Example 8 , Dry saturated steam at 150 Ib./in.^ abs. expands in a 
nozzle to 1 Ib./in,^ abs. with a frictional loss of 15 per cent. 


or 

Hence 

or 


AE, 

lY! 

2g 

2g 
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In rig. 247 the area B\BJEiFx = 0*15 X area A-^B\JM, This locates 
the position B-^. With adiabatic expansion, the final state would be at 
B\ and the moisture content 


w 7 ? 

JB, 


0*21 


Actually, the moisture content is only 

= 0-166 
J 1*2 


Due to friction the volume at the end is increased in the ratio 
1-0*166 


1 - 0*21 


= 1*053 





The discharge velocity is smaller than that after adiabatic expansion 
in the ratio Vl - ^ = V0*85 = 0*922. The exit area, therefore, has 

fio be = 1*143 times greater than that given with frictionless flow. 
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Example 9. Superheated wteam at 150 lb./iii.“ abs. and 650° F. ex- 
pands in a multistage turbine, with a frictional loss of 30 per cent to 
I Ib./in.^ abs. 

With frictionless adiabatic flow the expansion is represented by 
A^B' 2 , (Fig. 247). At G the steam would be dry saturated. At the final 
point the quality would be 


JB.^ 


0-884 


The actual final state point is H. The distance B ‘ is determined by 
making the rectangular area below B\jH equal to 30 per cent of the 
adiabatic drop (area JMA^AJB^^J)^ At H the steam is slightly wet with 
a quality 0-988. The steam volume is thus increased in the ratio 


^88 

0-884 


= 1*12, while, at the same time, the velocity is decreased in the 


ratio Vl-O-S = 0-838. The exit area is thus greater than that given 

1-12 

by ideal conditions in the ratio = 1-338. 

0*838 

If at the end of expansion the steam is still superheated, as shown at 
B^ (Fig. 247), the loss area is limited at the upper edge by the curve 
of constant pressure. 


NOZZLE DESIGN USING THE H(l> CHART 

Example 10. To determine the areas, and pressure and velocity 
changes in a nozzle in which steam initially at 200 Ib./in.^ abs. and 
600° 1^ expands to 20 Ib./in.^ abs. [a) without friction, (6) with 6 per cent 
velocity loss. 

(a) From the H(l> diagram shown on the right of Fig. 248 the heat 
drop AB is 202 B.Th.U./lb., giving an outlet velocity of 

Fi = 223-8 V202 = 3180 ft./sec. 

The steam at outlet is wet (point B) having a quality q — 0-964. Its 
specific volume is, therefore, 

z= 0-964 X 20-06 = 19-35 ft.^/lb. 


with 


The exit area required for a mass flow of W lb. /sec. is, 


IF = 


Wvj^ 

V, 


JL 

164-3 


ft.2 = 


The narrowest cross-sectional area lies where the pressure assumes the 
critical value (page 242), i.e. 0*546 X 200 = 109 Ib./in.^ abs. Since, as 
shown in Pig. 248, the steam is still superheated, this determination is 
correct. In general, however, and in cases where the steam is wet at the 
critical pressure, the narrowest section and its pressure are determined 
as follows. A number of pressures are chosen and the corresponding areas 
determined in the same way as described above for the exit section. 



466 


TECHNICAL THERMODYNAMICS 


The narrowest section is then readily determined from tiie graphical 
variation of the cross-sectional areas. At any section 

_ AV A,r, 


so that 4- “ ^ ^ T 7 

Aj V, V 

Thus at the pressure 70 Ib./in.^ abs. the corresponding heat drop is 
103 B.Th.U., giving 

V == 223*8 = 2260 ft./sec. 

The corresponding specific volume is found from the TV<^ diagram by 
dropping the perpendicular A^j^Cj^ (Fig. 248, T(j> field) corresponding to the 
adiabatic expansion from 200 Ib./in.^ abs. and 600° F. to 70 Ib./in.^ abs. 
From Cl a horizontal is drawn across to the T V field to cut the constant 
pressure line of 70 Ib./in.^ abs. at C^. The abscissa of this point gives the 
specific volume z? = 6*86 ft.^/lb. 


Hence 


19-35 ^ 2260 


0-50 


In Fig. 248 the cross-sectional areas have been plotted against the 
corresponding heat drops. The throat or narrowest section has an area 
0*45 X exit area; the corresponding pressure is 109 lb. /in.^ abs., the 
specific volume 4*88 ft,^/lb., the heat drop 63 B.Th.U./lb., and the velocity 
1775 ft./sec. Check 



Fi _ 3180 4*88 _ 

V ^ v^~ 19-35 ^ 1775 ~ 


In Fig. 248 (centre) the continuous increase in specific volume and 
reduction in temperature as flow proceeds through the nozzle are shown. 
At a pressure of 38 Ib./in.^ abs., points G, Gi, the steam enters the wet 
field; from here onwards the reduction of temperature with volume is 
much slower. 

In Fig. 249 a nozzle section is shown, with a cone angle of 10° in the 
diverging portion. The throat area is 0*45 times the exit area. The width 
of the rectangular nozzle section is taken as constant. The upper thick 
line then represents the nozzle without friction. The pressure curve 
plotted above this is found by measuring the areas at various sections 
and reading the corresponding pressures in Fig. 248. The velocity curve 
is similarly obtained by reading the heat drops in Fig. 248 and calculating 
the corresponding velocities. 

(6) With a 6 per cent velocity loss, i.e. ^ = 0*94, the exit velocity is 
lY = 0-94 X 3180 = 2990 ft./sec. 


The loss in kinetic energy is z=z 0*116. The final state of 

the steam is given by point E on the Hj^ diagram (Fig. 248) on the right. 
DB = 0*116 AB, and DE is at right angles to AB. The quality is 0*988 
(in place of 0*964), the exit area is now 

If X 0*988 X 20*06 W , 

^ " 2990 150*6 ‘ “ 


















Ft./sec 


468 


TECHNICAL THERMODYNAMICS 


At the narrowest section the relative velocity loss is certainly less 
than that at the exit section. Between inlet and the throat the nozzle 
is equivalent to a short, well-rounded orifice, for which the velocity 
coefficient (page 256) can be taken as 
<f> = 0-975 

which gives ^ = 1 - 0*975^ = 0-05 


The throat area is then found by assuming that the pressure at the 
throat is practically the same as that given in frictionless flow, i.e. about 



1091b./in.^ abs. From the adiabatic heat drop of 63 B.Th.U./lb. to the 
throat, the re-heat = 0*05 X 65 = 3-25 has to be subtracted in order to 
locate the point H which . corresponds to H^ in the T(f> and H^ in the 
TV field. With the specific volume v' = 4-90, and velocity 

F' = *975 X 1775 = 1730 


2990 ^ 4-90 

1730 ^ 0-988ir20-06 


0-427 


Hence, when friction is taken into account, the nozzle has to open 
out more, and, in addition, the cross-sectional areas are greater. 
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If, in the Hj> diagram, it is assumed that the state line, altered due to 
friction, is given by the changes AH and HE, the cross-sectional areas 
corresponding to different pressures are obtained, as shown under (a). 
From points on the line AHE the corresponding state points in the 
TV diagram are located, from which the dotted volume curve is con- 
structed. The corresponding heat drops are found by drawing horizontals 
from points on AHE to cut the heat drop axis on the left. In this way 
the cross-sectional areas shown on the right of Fig. 248, and the pres- 
sure and velocity variations shown by dotted curves in the upper part of 
Fig. 249 are obtained. 

Change of state of moist air at constant pressure. Moist air is a 
mixture of pure air and saturated or superheated (unsaturated) water 
vapour. The simple state relations of moist air have already been dealt 
with on page 16. As shown there a vessel of given volume V (e.g. 1 ft.®) 
filled with pure air or other gas free from moisture can absorb only as 
much water in the vapour state as would be contained by the vessel if it 
were filled with dry saturated water vapour alone at the same tem- 
perature t. The partial pressure of the vapour in the mixture, in this 
case, is equal to the saturation pressure ^ 5 , corresponding to the tem- 
perature t. The total pressure p of the mixture can thus assume any 
value p> ps' 1ft.® of moist saturated air at 150 Ib./in.® abs. the 
amount of water vapour present is the same as in 1 ft.® at 15 lb. /in.® abs., 
provided the temperature in the two cases is the same. If is the 
partial pressure of the air, then, from Dalton’s law, 

V = ( 475 ) 

This relation also holds if the air, saturated with vapour, also contains 
water in the form of drops (wet moist air) or, conversely, if the air is 
contained as bubbles (i.e. undissolved) in water. 

If 1 ft.® of air contains a weight of steam d' < d (i.e. the density is 
less than the possible maximum), then, from the laws of mixtures, the 
partial pressure p' of the steam is less than p, and in place of equation 
(476) we have p ^ p' + (476) 

In this case the vapour is unsaturated (superheated). 
d' 

The ratio ^ . . . . . . . . (477) 

ds 

is called the relative humidity, while d' and d are called the absolute 
amounts of moisture. If the steam can be regarded as following the gas 
laws, equation (477) can be replaced by 

^ f (page 18) (478) 

V S 

For vapour pressures above 15 Ib./in.^ abs. this is not sufficiently 

accurate, and equation (477) has to be used, which, since d' = — and 
1 

d, = — , can also be written as 

^^3 



(479) 



4:7U 
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From the characteristic law for superheated steam 

p' (y' + 0-2663) = 0-5962T (p in Ib./in.^ abs.) 

, , 0-5962T 

we have v = O-^obd 

P 

which, Avith equation (479), gives 

, p'^s 

0-5962T - 0-2563p' 

, , 0-5962T 

^ 2), + 0-2563i^ 

From equations (478) and (476), we have 

P = <i>Ps+ Pa 


. (480) 

• (481) 


On the left of Fig. 250 the relations between the quantities (j>, 
and as given by first plotting the temperatures against the corresponding 
saturation pressures^^, are obtained. The partial pressure ^ 9 ' of the unsatu- 
rated vapour, for a relative humidity cf), is, from equation (478), equal to 
where is the saturation pressure at the same temperature. For 
the successive ^ values ^ = 0-1 (10 per cent), 0*2 .. . up to 1-0 the values 
of p' are p' = Odp^, 0-2ps . . . to Hence it is only necessary to divide 
the abscissae into 10 equal parts in order to obtain the pressures of the 
superheated vapour in the air for the relative humidities 10 per cent, 
20 per cent, . . . 100 per cent. By joining up the points having the same 
relative humidity, curves of constant humidity are obtained, the abscissae 
of which show how the partial pressure of steam varies with temperature 
at constant humidity. 

For temperatures above about 212^ F., the value of p' has to be 
determined from equation (480), giving a corresponding group of curves 
in the higher temperature region and forming a continuation of the 
group given in Pig. 250.* 

The line C^Ai forms the upper limit for the group of curves when the 
total pressure is p, since, at a point such as X on this line, the partial pres- 
sure of the air is Pa = = 0. Hence this point corresponds to air-free 

saturated steam and the points X^, etc., to air-free superheated steam 
(for p = 760 mm. X lies considerably higher in Fig. 250, since it is given 
by the intersection of the saturation curve with an horizontal drawn 
t]^ough 212° F.). 

Fig. 250 serves to show how the humidity changes when moist air is 
heated at constant pressure. In this case, since the relative weights 
remain unaltered, the partial pressures also remain unaltered. Thus, if 
saturated air at 140° F. (point a) be heated to 180° F., the final state 
point b is located by drawing a perpendicular through a to cut the tem- 
perature level of 180° P. The humidity at b is 40 per cent. If, conversely, 
superheated moist air be cooled at constant pressure, the humidity 
increases till at a complete saturation occurs (dew point). Further cooling 
results in condensation. 


* See .2. V.d.I. (1919), page 682. W. Sehiile. “ On the Total Heat of Moist Air/’ 
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Starting at a, a supply of heat causes the volume of the moist air to 
T 

increase in the ratio -=f-, as given by the Gay-Lussac Law. Choosing 

S 

1 ft.® of saturated air, this volume is plotted as shown by the abscissa 
Aa-^, and the corresponding volumes at higher temperatures are found by 
measuring the abscissae to the straight line a^b-y, which passes through 
the absolute zero temperature point. In Fig. 250 a group of these straight 
lines has been plotted, starting with a volume of 1 ft.® at each temperature 
(40°, 60°, and so on).’ 

Fig. 250 also serves to show the change in humidity caused by the 
isothermal expansion of moist air. If, for example, the partial pressure 

(and with it the total pressure) of moist air at 140° F. drops to of its 

value, the humidity is also decreased by 50 per cent (point d). If, con- 
versely, unsaturated moist air (point d) is compressed isothermally, the 
partial pressure and the relative humidity both increase in the same 
ratio. Compression above the partial pressure at a results in the formation 
of liquid. 

The weight of vapour in 1 ft.® of unsaturated moist air is, from 
equation (477), 

d' = <f>ds (482) 


The weight of pure air in 1 ft.® of moist air is (since its partial pressure 
is p^ = p-(j)Ps its temperature is t), 


d„ = 0-0808 


14-7 


492 
460 + 


2-70 (p-p') 
T 


. (483) 


Hence the weight of I ft.® of moist air having a relative humidity 
at temperature t, is 


d = <f>d^ -{- 


2-10{p-<f>p,) 

rp 


(484) 


1 ft.^ of saturated air weighs, with ^ = 1, 


(485) 


In Fig. 250 the weights alone are plotted against temperature. 

Cooling below the dew point. When saturated air is cooled below a 
point such as % (Fig. 250) the conditions are different from those shown 
by the cooling of unsaturated air since more and more vapour is 

condensed as cooling proceeds. If steam alone were present in the space 
the temperature would remain constant when the internal pressure p 
remains constant, in spite of the heat withdrawal. This constant tem- 
perature period continues until all the steam is condensed. Since, how- 
ever, the air suffers a change of state, the temperature does actually 
change. Due to condensation of some of the vapour, the composition of 
the mixture of air and vapour by weight is altered, since the weight of 
air remains constant. The percentage weight of air increases, therefore, 
while that of the vapour decreases. From the laws of mixtures, this 
means that the partial pressure of the vapour also decreases while that 
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of the air rises, since the sum of the two pressures remains constant. 
The partial pressure p' of the vapour, however, must equal the saturation 
steam pressure corresponding to the existing temperature, since water 
is present in the mixture. Hence, as the temperature decreases, condensa- 
tion occurs and the relation between the temperature and partial pressure 
is given by the saturation curve ac. 

Starting with saturated air (point a, say) the total volume F, say, 
corresponding to any temperature t' < t is found as follows. Applying 
the characteristic equation of a gas to the fractional weight of If ^ of 
pure air having the partial pressure at temperature t' gives 


{p-p')V =W,R„T' 

while, in the initial state, with V = I, p' = T' ^ T g, 
p-Rs = WaRaTs 

from which 

V - R-p^ y' 
p-p'T, 


(486) 


Since p' is the saturation vapour (steam) pressure (point c) corre- 
sponding to T', the volume V for any temperature T' < T ^is calculable. 

This volume V is equal to the total volume V of the mixture. In 
Fig. 250 (centre) a series of volume values have been calculated in this 
way, for initial temperatures of 200, 180, 160, ... to 40° F., and for a 
total pressure of 14-7 Ib./in.^ abs. The initial volume taken is 1 ft.^ of 
saturated air; for example, shows the curve for moist air initially 
at 140° F. While the total volume of Aa^ (1 ft.^) decreases to Cc^ (= 0*73 
ft.^) the temperature drops from 140° F. to 86° F., and the partial pressure 
of the vapour (steam) from Aa (2-88 Ib./in.^ abs.) to Cc (0‘614 Ib./in.^ abs.). 
The partial pressure of the air rises, on the other hand, from (14-7 - 2*88) 
= 11*82 lb./in.2 abs. to (14*7 -0*61) = 14*09 Ib./in.^ abs. 

The weight of water vapour still present in the space V at the tem- 
perature f is Vd/, where d/ is the density of the saturated vapour. Since 
the vapour weight initially was dg the weight of liquid formed is 

W,,, =d,- Vd/ = d,- J d\ . . . (487) 

From Fig. 250 the weight Wnq is obtained by subtracting from 
Ae = ds the quantity V X Of. 

The determination of the heat removed in cooling unsaturated moist 
air at constant pressure p down to the saturation temperature is 
effected in exactly the same way as for gas mixtures. If the weight of 
water vaj)our in IF lb. of the mixture is IF^ the heat removed in cooling 
to the dew point is 

Q = {W - Tf J (Cj,)„ [t - 1,) + (cj„ {t - t,) 


With continued cooling below the dew point conditions are entirely 
altered, since condensation occurs, causing changes in the partial pressures 
of air and vapour. The heat removed can, however, in this case, be 
calculated by taking the sum of the heat quantities which have to be 
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separately removed from the air and vapour during the different state 
changes actually experienced by these substances. 

The state change experienced by the pure air in the mixture is shown 
more clearly by plotting the volumes F, found in Fig. 250, against the 
partial pressures of the air (Fig. 251) (for a total pressure of 14-7 Ib./in.^ 
abs.). The air suffers a considerable amount of compression at the 
higher initial temperatures. The heat withdrawn from the air is, from 
the first law in the form given on page 176, 


or 


Q = W{H,~H,)~A Vdp 

Jj\ 

Qa= (W-WJ (cj, {t.-n-A 





(488) 

(489) 



This heat is thus different from that taken from the air when cooled 
from ^5 to at constant pressure. It is greater by the amount shown by 
the second term on the right. 

This amount must be added, as the expression itself is negative, 
i.e. the two terms in equation (489) have the same sign. The difference 
rv 

A I yd{p-p') is given by the area shown shaded in Fig. 251 (in which 
the initial temperature is 194° F.). 

The heat which has to be removed from the vapour (or steam) 
is conveniently represented by the heat diagram (Fig. 252). The change 
of state is completely determined by the lines and ac in Fig. 250, 
since these give the pressure, volume, and temperature, and it is only 
necessary to transfer the state line to the heat diagram. The quality 
of the partly condensed vapour is given by 


where v' ^ is the specific volume of the dry saturated steam at the tem- 
perature f and v' is the actual volume of the wet steam. 
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With v' = Vvg (since the volume at = 1), we have 

Vv, 

1= vr 

In the heat diagram (Fig. 252). 

F'C 


so that the point can now be transferred. Fig. 252 shows the state curves 
obtained in cooling saturated moist air at from 194°, 158°, 122°, 86°, 68°, 
and 50° F. to 32° F., when the total pressure is 15 Ib./in.^ abs. The area 
below the curve A'G' gives the heat taken from the vapour in the air 
when cooled from the temperature {t^) at A to the temperature {t') at C\ 

This heat is again diferent from that abstracted from the vapour 
when partially condensed at the constant initial pressure to the quality q 
and cooled to t' , The actual heat removed is smaller by the area A'E'F'G'. 

From equation (488) above, the heat removed is 

Qw = V dp’ . . . (491) 

Since now the total heat removed from the mass of 1 ft.^ of moist 
saturated air is 

Q ^ Qa Qio 

equations (489) and (491) give 

Q = (If - If^) (c,), (^3 -t')-A r Vd ip - p') 

or Q = {W-WJ{c^)aits-t') 

+ W„{H,,-H't)-A Cv dp 

Now since p = constant, it follows that dp ~ 0, so that the third 
term is zero and 

Q== (W-W^){c^)At.-t')+W^{H^,-H',) . (492) 

and for t' = 32° F., 

Q = {W-^WJ {€,), {t, - 32) + {H,, ~ . (493) 

Hence the total quantity of heat can be determined as if the pure air 
had been cooled at constant pressure from to f , and as if the heat taken 
from the vapour were equal to the difference in total heats before and 
after cooling. The latter amount is given by the area A'E'F'G'G"A"A' 
in Fig. 252. 

Equation (493) represents the total heats reckoned from 32° P. The 
value which is the total heat of the vapour in the final state, with 
the quality at 32° P., is 
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Now 


232 — 



T-Ts ' . 492 V, 

/n nr\ ^ 


(494) 


hence H'^^ = ^ . . . . (495) 

As the initial pressure increases, therefore, the quality at the end 
decreases, as shown also by Fig. 252. With Pq = p) we have q ^2 = ^ 
and iJ'gg = 0 , i.e. it is only when vapour alone exists that the complete 
condensation occurs. Whenever air is present, i.e. when ps <P, the 
fraction q ^2 remains uncondensed (equation (494)), and the total heat of 
the moist air is consequently greater than zero. 

For an initial volume of 1 ft.^ we have, with = d^, = 1, 

1,32 = 1070, t ;532 == 3310, p = 14*7, and ^32 = 0*09. 

/14-7 -■ 

lF,i?'32= 10-9 

With 

== 200 150 100 50 32° F. 

we have 

= 0-046 0-184 0-251 0-290 0-302 

In Fig. 250 the values of Q are plotted as abscissae to temperatures as 
ordinates, so that the total heats for the fractional vapour weights 

in 1 ft.^ of saturated air (i.e. the amounts are measured on the 

right, and the total heats of the air in 1 ft.® of mixture, i.e. the amounts 

(Pf - Pf^) -tvith W “ ^ — — (eqn. 483), are plotted on 

the left. The horizontal intercepts between the two curves thus represent 
the total heat in 1 ft.® of moist air at the temperature considered. The 
heat rejected in cooling 1 ft.® to 32° F. is smaller than these by the 
amount residual vapour at 32° F. be regarded as entirely 

condensed, this difference disappears and the intercepts between the 
curves are the same as the heat withdrawn in cooling to 32° F. 

In Fig. 250 the superheats of the vapour are represented by the 
sloping straight lines such as EJ, for which FJ is the superheat between 

and t'. The total heats of unsaturated air are not represented. See 
the next section and Fig. 253 regarding this. 

Total heat diagram for moist air. In the practical problem of drying 
damp or wet substances by means of dry or slightly moist air, it is 
necessary to determine the quantity of vapour which can be taken up 
by a given amount (say 1 lb.) of air at the existing temperature t and 
external pressure p, in being brought to the saturated condition, and 
from this to determine the total heat in the saturated air. These values 
have already been determined in the previous section. In this section a 
method wiU be developed which is suitable for some particular drying 
problems. 

The weight of saturated vapour which can be taken up by 1 lb. 
of pure air until it becomes saturated is determined by the volume v 
of this quantity of air at the partial pressure and the temperature t 
as contained in the air- vapour mixture at the total pressure p. 



B.Th.U./Ib. 



B_.Th.U./lb. 

Fig. 253 
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We have v Vq ^ 

so that, with = 12-4 ft,^/ib. for = 32 or I\ = 492 and 
lb*/in.^ ahs. 

12*4 X 14*7 (460 + i) 


'o - 14*7 
. (496) 


With as the saturation pressure of the vapour at f. 


Hence in the volume v, the weight of saturated vapour is, with as 
the weight of 1 ft.^ of saturated vapour, 

W.^ = so that with equation 496 


W, 


12*4 X 14*7 (460 + t) d, 
492 (p-Ps) 


. (497) 


This weight is thus dependent on both the temperature and the total 
external pressure p of the mixture. For a given quantity of pure air, 
therefore, and at a given temperature, different barometric pressures 
produce different vapour quantities. 

In Fig. 253 the values of are plotted for p = 14*7 Ib./in.^ abs. 
against the temperature values. For t = 212° we have If ^ = oo , so 
that the weight curves approach the horizontal through 212° asymp- 
totically. 

The heat given to 1 lb. of air, in being raised in temperature from 
32° F. to at constant pressure, is 

W, = (498) 

These values are represented in Fig. 253 for temperatures between 
32° F. and 212° F. by the abscissae of the straight line Oa passing through 
the origin. The line 0(a) gives the same values to a larger scale and is 
used for the lower region between 32° and 140° F. 

The total heat reckoned from 32° F. contained in the vapour of 
weight is 

Qv = W,H 

so that, with equation (497), 

+ . (499) 

492 (p-p^) 


These values have been plotted as horizontal additions to the right 
of the sloping straight line Oa (for the larger scale, from 0(a) ), so that 
the abscissae of the resulting curve Q14.7, measured from the vertical 
through 0 (temperature axis), represent the total heats 


of 1 lb. of ptne air and lb. of saturated vapour (i.e. (1 + W^) lb. of 
saturated moist air). These curves also approach the horizontal through 
212° F. asymptotically, A second heat curve P — Ib./in.^ abs. 
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is shown dotted. The values of PF.y and for = 14*7 and l;^-7 Ib./in.'^ abs. 
are given in the table below. See the previous section for the justification 
in taking the sum of the total heats in determining the total heat of the 
moist air. 


t 

°F. 

Ib/in.^ abs. 


ff"u(l4-7) 

Ib./lb. 

B.Th.U. 

^'yl2-7 

Ib./lb. 

Qv1^"7 

B.Th.U. 

32 

0-0885 

0-000302 

0-00377 

4-05 

0-0044 

4-75 

40 

0-105 

0-000412 

0-00524 

5-64 

0-0061 

6-57 

60 

0-257 

0-000834 

0-0111 

12-06 

0-0129 

14-00 

80 

0-510 

0-00160 

0-0242 

26-40 

0-0282 

30-8 

100 

0-954 

0-00288 

0-0434 

47-8 

0-0509 

56-1 

120 

1-712 

0-00498 

0-0824 

91-5 

0-0974 

108-1 

140 

2-930 

0-00823 

0-1560 

174-9 

0-1870 

209-0 

160 

4-774 

0-01310 

0-303 

342-0 

0-379 

427-0 

180 

7-590 

0-02015 

0-671 

763-0 

0-934 

1061-0 

200 

11-50 

0-0298 

2-280 

2610-0 

6-08 

6970-0 

212 

14-70 

0-0374 

00 

00 

— 

— 


The quantities of heat and vapour weights taken up by 1 lb. of pure' 
air when brought to the saturation condition can be determined graphic- 
ally in the following simple manner. The moist air in the saturated 
state, say at B or at E, is regarded as being heated at constant pressure. 
This causes the vapour to be superheated and the humidity decreases. 
The partial pressures remain unaltered. The water vapour takes up the 
heat 1T,„ {f - 1) with = 0*465. At the same time the air takes 
up the heat 0*24 (f - 1). The first quantity is represented in Fig. 253 by 
the distance FJ, where EJ is parallel to 0(a). The distance JL thus 
represents the total heat in the unsaturated vtipour at the temperature t' 
and this vapour has the same weight as at The increase in the total 
heat of the air is given by the slope of the line Oa between the tem- 
peratures at E and F. Hence the distance JK gives the total heat of 
unsaturated moist air at the temperature f, and it only remains to 
determine the humidity corresponding to the point J. 

This is readily obtained, if pressure curves for saturated and unsatu- 
rated vapour are first drawn in Fig. 253 similar to those shown on the 
left of Fig. 250. A line is then drawn from J to E (use Fig. 250 in following 
the method), while an horizontal is drawn from E to cut the saturation 
pressure curve at the point a. A vertical from a and an horizontal from J 
then gives the point b, which lies on the curve showing the required degree 
of humidity. By reversing this process, the curves of constant humidity, 
shown in Fig. 253, are obtained and the original pressure curves can then 
be dispensed with. 

It should be observed that, along a given horizontal line, the horizontal 
intercepts between these curves increase with the humidity.* Hence, from 
Fig. 253, the total heat of a mass of unsaturated air at any humidity and 
corresponding to 1 lb. of pure air is represented as a distance. The vapour 
weight per pound of pure air at any state such as A (Fig. 253) is obtained 
by dropping from A to the point B on the saturation heat curve and 

^ Z.V.d.I. (1919), page 682. (W. Schiile), aad page 821. E. Hohn, Beitrag z. 
Theorie des Trocknens tmd Dorrens. 
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then drawing an horizontal to the point C on the weight curve, the 
abscissa of which gives the required vapour weight. 

The total heat, as given in Fig. 253, can be found by calculation as 
follows. The total heat in a saturated air-vapour mixture containing 
1 lb. of pure air is, from the above, 

Q = 0‘24:{t,-^2) + HW^ 

in which is given by equation (497). 

The same mixture, if heated to t > contains, in addition, the 
superheat 0-465fr^ {t - so that the complete total heat of the unsatu- 
rated air with 1 lb, of pure air is 

= 0-24(^3-32) + HW., + 0-465F^ {t-t,) 

If now the temperature t of the uiisaturated air and its partial pressure 
(or humidity) be given, the dew point must first be determined (Fig. 250, 
left). Since no analytical expression gives this, it follows that it is not 
possible to introduce tg, in terms of cf) and t, in the above expression for Q^. 

Applications. Drying by means of warm air, or the moistening of dry 
air, are mixing processes accompanied by evaporation in which the 
external pressure remains constant. By applying the first law in the 
form shown on page 176, 


we have, since d'jp = 0, 

Q= W{H,-HC 

If no heat be supplied to the mixture of air, vapour, and water from 
without, and only exchange of heat between the constituents occurs, 
then with Q == 0, 


i.e. the sum of the total heats of the constituents remains constant.* 
Example 11. (Moistening.) Consider a space filled with dry air at 
t° and 14-7 Ib./in.^ abs. into which sufficient water at is sprayed to 
bring the air to a relative humidity How much water has to be 

supplied per pound of pure air, and what is the final temperature 
The external pressure remains constant. 

Let be the weight of water and H^ the total heat in 1 lb. of vapour 
for a relative humidity ^ at the temperature ^ 2 - The total heat of air and 
water before mixing is then 

Hi = 0*24(q-32) + J--32) 

and, after mixing, 

^2 = 0*24(^0-32) + 


* Mollier, therefore, in showing changes of state of moist air, applies diagrams 
in which the total heats H of the mixture are plotted against the vapour weights 
Wg per pound of pure air (called by Mollier. See Z.V.d.I. (1929), page 1009, R. 
Mollier, ‘‘The i x diagram for air-vapour mixtures”; and also Grubenmann, J x 
diagram for moist air. (Berlin. Julius Springer, 1926.) 
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Therefore, isince = ^ 2 , 

0-24^1 + PF„(^o~32) = 0-24^2 + 
or 0'24ifi - 0-24^2 + - 32) 

For the special case of = 32° F., this becomes 

0 - 24^1 = 0 - 24/2 + 

or 0-24 (/i - 32) = 0-24(/2 ~ 32) + 

i.e. the total heat, reckoned from 32° F., of the dry air in the initial state 
is equal to that in the final state plus the total heat of the vapour. In the 
heat diagram (Fig. 253), therefore, the points a and 6, which represent 
the initial state of the dry air and the final state of the moist air, are at 
the same distance from the temperature axis, i.e. b is vertically below a. 
For / = 212° F. and for complete saturation /g = F., while for (/> = 30 

per cent, /g = 117° F. In the first case the weight of water evaporated is 
Wv = 0-0"27 lb, (point c). In the second case it is W\, = 0-0205 lb. 
(point Cg). 

If the initial water temperature is above 32° F., then 
0-24/, = 0 - 24 / 2 + lIFA-F,(/o 

Hence a short length of the curve of values ~ 32) has 

first to be drawn, which, for /q = 176° F., coincides with the heat curve 
for (j) = 90 per cent. The final state U then lies on this curve and ver- 
tically below (a). This gives a final temperature of 90° F. and a vapour 
weight of 0-0307 lb. for complete saturation. 

If the air at the start is moist, having a vapour weight Wi, the total 
heat initially is 

Hi = 0-24(/i - 32) + + (IF, - IF^) {t, 32) 

and, finally, IF 2 = 0‘24{t^ - 32) + PF,H, 

Hence O-24/i + IFiHi = 0-24/2 + PF,H, - (PF, ~ W,) - 32) 

With /q = 32 the change of state, therefore, is again represented by 
a vertical line. For /q > 32° F. a portion of the curve 


would have to be drawn first. 

Example 12. (Evaporating coolers and wet and dry bulb hygro- 
meters.) A stream of dry or unsaturated air at and 14*7 Ib./in.^ abs. is 
passed through a finely divided quantity of water initially at the same 
temperature (e.g. through stretched damp cloths or through a water 
spray). In this way the air becomes saturated. In order to effect this 
evaporation the heat contained in the air and in the water is used, so 
that a drop in temperature occurs. After steady conditions are attained, 
the water temperature remains constant and the whole of the evaporation 
heat is taken from the air stream. 

If Wi be the weight of vapour in each pound of the unsaturated air in 
the initial state, and IF, be the weight in the saturated air finally, the 
same relations hold as above. The initial and final points in the change 
of state lie on the same vertical in the heat diagram. 

32— (5714) 
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The greatest cooling effect is given by the point on the saturation 
curve, since evaporation ceases when the air is completely saturated. 
In determining this limit exactly, however, as in example 11, it should 
be observed that the initial water temperature is not = 32, but tQ = 

The wet and dry bulb hygrometer is a well-known application of the 
above. The air, whose initial degree of humidity is required, is led past 
two thermometers, one of which has a dry bulb while the other is covered 
with moistened linen. Due to the evaporative cooling, the wet ther- 
mometer shows a lower temperature than the dry, since the flowing air 
becomes saturated by the water in the linen, which, under steady con- 
ditions, assumes the same temperature. For example, if the wet ther- 
mometer reads 68° F. for an external pressure of 14*7 Ib./in.^ abs. (point 
k, Fig. 253) and the dry reads 77° F. (point Z, vertically above /c), the air 
is 66 per cent wet initially. 

Another example of evaporative cooling is that in which condenser 
circulating water is re-cooled. (Cooling towers.)'^ 

Example 18. (Drying by means of warm air.) A wet material can 
be dried if a stream of dry or unsaturated air flows over, or better, through 
it (e.g. lightly packed masses of plant leaves or minerals lying on riddles). 
The problem is to determine how much air, in a given initial state, is 
required in order to remove 1 lb. of water from the material to be dried, 
and to j&nd the quantity of heat necessary for this. 

As in example 11, the initial and final state points of the drying air 
lie on the same vertical in Fig. 253. Assume, for example, that the 
initial temperature is 176° F. with <^ = 15 per cent (point d). The super- 
heat line de gives an initial vapour content of 0*049 lb. per pound of pure 
air, the perpendicular df gives the final temperature of the withdrawn air 
as 112° F., and a vapour weight of 0*066 lb. Hence 1 lb. of air has taken 
up 0*066 - 0’049 = 0*017 lb. of water, and the weight of pure air required 

to remove 1 lb. of water from the material to be dried is == 59 lb. 

The heat taken up corresponds to the difference between the total heat 
in 1 lb. of air at the state d and the existing state of the external air, 
which is heated to 176° F, (and 15 per cent humidity). If this heating 
takes place at constant pressure, and if the air was initially saturated, 
e must represent the initial state (104° F.). From e to d the total heat 
increase is 92 - 72 = 20 B.Th.U. per pound of air, so that, per pound of 
water evaporated, the heat required is 59 x 20 = 1180 B.Th.U. If com- 
pletely dry air at 176° F. and at an external temperature of 68° F. had 
been used, the final temperature of the withdrawn air would have been 
78° F., with an evaporated water weight of 0*021 lb. and a heat supply 

of 24 B.Th.U. per lb. of air. These correspond to = 47*6 lb. of air 

and a heat supply of 24 x 47*6 = 1140 B.Th.U. per pound of water. 

Under actual operating conditions the heat supply is usually effected 
in steps in such a way that the moistened drying air is re-heated (line/tZj) 
and is then used anew at some other point to dry the material. This 
causes further moistening as shown by d^f-^ and so on. 

* See “ Condensation,” by F. J. Weiss and O. H. Miiller, Z,V.dJ. (1905), page 5, 
et seq. Also F.A. No. 275. Fr. Merkel, “ Verdnnstungskuhlung.” Regarding the 
theory of the August hygrometer, see Mollier, Z.VA.I, (1929), page 1013. 
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Example 14. (Cold drying.) Moist saturated air can be dried by 
passing it over a cold surface, so that part of its vapour content is con- 
densed on this surface. In this way the absolute moisture content of 
the air is reduced, while the air itself remains saturated. If now this is 
again heated, its humidity is decreased and the air is capable of absorbing 
moisture from other bodies. (In winter this process occurs naturally at 
low temperatures, since the outer air is dried by cooling, and when this 
cooled air is heated its humidity can assume a very low value.) 

Take, for example, air at 73° F. with (j> = per cent (point r) and 
let it be cooled to 41° F. (point s). The amount of vapour condensed is 
0*0148 - 0*0052 = 0*0096 lb. per pound of air, and the heat removed is 
25*7 - 7*7 = 18*0 B.Th.U. In the ensuing heating to 95° F. (line su) the 
humidity decreases to 16 per cent and the heat supplied is 20 ■5-7*7 = 12-8 
B.Th.U. If this air be used for drying (line uv) the moisture evaporated 
down to the saturated state is 0*0120 - 0*0052 = 0*0068 lb., with a reduc- 
tion in temperature to 63° F. (point v). The heat required is 18 B.Th.U. 
in the cooling process and 12*8 in the heating process, giving a total of 
30*8 B.Th.U. per pound of air. Hence, to evaporate 1 lb. of water from 

the materials, the weight of air required is — = 147 lb., and the 

O’UObo 

heat necessary is 147 x 30*8 = 4530 B.Th.U. If the outer air be used 
in heating from 41° F. to 73° F., then only 18 + ^ = 23 B.Th.U. are 
required per pound of air or 147 x 23 = 3400 B.Th.U. per pound of 
water. 

The process can be improved if, in place of cooling the outer air, the 
discharged air (point v) be cooled and again used for drying. The heat 
required to effect the cooling is then only 20*7 - 7*7 = 13 B.Th.U., giving 
a total of 13 + 5 = 18 B.Th.U./lb. of air or 18 x 147*1 = 2640 
B.Th.U./lb. of water.* 

* See Zeit.f. d. ges, Kdlteindustrie (1919), page 79. M. Hirsch. Cold drvino!-. 



CHAPTER X 

APPLICATIONS 

Steam prime movers. The term available work of saturated or super- 
heated steam means the mechanical work obtainable from 1 lb. of steam 
in expanding from an initial pressure and temperature ti to the back 
pressure ^ suitable engine, unaccompanied by any heat or friction 
losses. 

This work is readily shown by the ideal pressure-volume diagram of 
a reciprocating engine. (Fig. 254.) Along ctb the steam flows into the 
cylinder at the same pressure as it possesses in the supply pipe. From b, 
where the supply ceases, the steam expands, without any heat exchange 



Fig. 254 


with the walls, to the back pressure At c, the piston reverses its 
motion and pushes the steam, having the volume dc, into the atmosphere, 
or into an air-free space in which it is condensed by cooling water or into 
a heating system at or above atmospheric pressure. 

The work delivered by the steam in this process is represented by the 
area abed (see page 98). Its value can be determined graphically, or 
by calculation. In Fig. 254 it is given by 

Area abb^di + area beej)^ - area cddiCj^ = area abed 


or 




In this the expansion line be is assumed to follow the adiabatic law 
pv^ ~ constant 
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This gives (M -i> 2 « 2 ) 


or, with 


or, in heat units. 


7-1 




r / ^ 


= 


778 (7 - 1) 




7-1 

b-m 


. (500) 


. (501) 


This is the required expression for the available work of 1 lb. of steam. 
It holds for superheated steam with y = 1 -3 and for dry saturated steam 
with y = 1T35. Thus, for saturated steam with = 170 Ib./in.^ abs., 
fj = 3684® F., Vi = 2-662, and p^ = 14-7, we have 

AJSq = 177 B.Th.U./lb. 


For superheated steam at the same pressure, but at 572® F., with 


_>L. 

y~l 


IjS 

0-3 


= 4-333 


4^0 == 202 B.Th.U./lb. 


Graphical determination. The diagram area in Fig. 254 can be 
measured by means of a planimeter, thus giving the work done. 

Determination from the H(f> diagram. The available work is also 
given by the heat drop as shown on page 456, i.e. 

4^0 =^1-^2 (502) 

where is the total heat in 1 lb. of steam in the initial state and the 
total heat at the end of the adiabatic expansion (point c, Fig. 254). 

The values of and are found from the Hcf) chart. The value of 
the available work determined, in general, in this way for steam turbine 
calculations is the same as given by equation (501), 

From the chart the values of the heat drops in the above examples 
are 178 and 207 B.Th.U, respectively. 

Ideal thermal efficiency. In order to generate steam, which is to 
operate in a prime mover, the heat necessary for a feed temperature of 
F. is iJi - Aq, where is the sensible heat at Even when all losses 
are avoided, only the fraction 


of the heat supplied is convertible to work. The value given by equation 
(503) is called the thermal efficiency of the ideal process. It lies between 
the limits of 0-1 and 0-3, depending on the steam pressure, temperature, 
and back pressure. On page 461, example 5, value for pressures of 
170 Ib./in.^ abs. and less have been calculated. 
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For = 350 Ib./in.^ abs., ^ = 660° F., = 0*57 Ib./in.^ abs. (con- 

denser pressure) the thermal efficiency is = 0*34. By increasing the 
initial pressure to 700 Ib./in.^ abs., rjth increases to 0*37. Fig. 255 shows 

the increase in the vahies of H^ and 
Vth ^4^ diagram) for steam 

at 70 lb./in.2 abs. and 185 Ib./in.^ 
abs., and ranging from wet steam 
with 25 per cent moisture to super- 
heated steam at 800° F. 

Thermodynamic efficiency or 
efficiency ratio. The value of the 
ratio of the actual work AE^ de- 
livered by the piston of the recipro- 
cator or by the rotor of a turbine to 
the work AEq without loss, is called 
the thermodynamic efficiency or 
efficiency ratio, i.e. 

(504) 

In all prime movers, internal 
losses occur which reduce the avail- 
able work so that rj^j is less than 
unity. The value rjrj is therefore a 
measure of the actual conversion to 
work of the steam supplied (if the 
purely mechanical losses in the 
machine be first neglected), 85 per 
cent is considered to be a high value 
for rjg and means that the internal 
losses amount to 15 per cent of the 
ideal available work. 

In the reciprocating engine this 
loss is mainly caused by the flow of 
heat from the steam to the cylinder 
walls, but losses also occur due to 
throttling of the steam at the inlet and exhaust valves and due to 
incomplete expansion. 

In the steam turbine the internal losses are caused by the flow resis- 
tance of the steam in the guide channels and moving blades, and also by 
disk friction. 

One of the chief considerations in engine design is to reduce these 
internal losses to a minimum, i.e. to make rjg as close to 100 per cent as 
possible. 

Mechanical efficiency. In the above losses the work necessary to 
overcome the friction of the machine itself, caused by the motion of the 
working parts, is not included (piston in the cylinder, piston rod at the 
stuffing box, cross head in the guides, connecting rod and main bearings, 
valve gear, and slide valve all cause friction). The mechanical losses in 
the steam turbine are caused by the shaft bearings, and in the work 
required for the auxiliaries such as oil pumps, air pumps, and the governor 
drive. 
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If now AE^ represents the work actually delivered by the shaft 
externally the mechanical efficiency is given by 


In the case of reciprocators this value depends chiefly on the load, 
and for normal loads amounts to 0*8 to 0*93, according to the size and 
type of engine. At smaller loads the friction does not greatly change, so 
that the mechanical efficiency decreases until at no load (i.e. for AE^ = 0) 
it becomes zero. 

In steam turbines is nearly unity when the auxiliaries are neglected 
and becomes zero at no load. 

Overall thermal efficiency. The ratio of the work AE^ delivered 
externally to the heat - Jiq supplied to the live steam gives the overall 
thermal efficiency of the engine, i.e. 



This value is of fundamental importance in assessing the utilization 
of heat by the engine. It can be determined by measuring the shaft 
power and the steam consumption. If is the shaft horse-power, 
then the work delivered per hour in heat units is 


If the steam consumption per hour is W h, the heat supplied per hour 
is W^(H^-ho) B.Th.U. 

^ 2545A, 

“““ * ’ 

Wj, 

The quotient = C gives the steam used per horse- power hour. 


Hence r]^ 


2545 




The value 

is the heat used per horse-power hour, so that rj^ is also given by 


. (508) 


In steam turbines the steam consumption and heat used are generally 
expressed per kW hour instead of per horse-power hour. {C^i and Q^i.) 
If the efficiency of the electrical generator is the kW output at the 
turbine shaft (at the coupling to the generator) is 


N, = 1-34^' (h.p.) 

7 ] 


or, in h.p. 
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Using these values, we have 
3412 


(510) 


and Tie = • (511) 

Vel Vel 

In reciprocating engines the steam and heat consumptions are 
generally measured per indicated horse-power {C^ and Qf). For a mech- 
anical efficiency of 

C = Q = 


and 


2545 2545 < 


(512) 


Thermal elSciency of the steam plant. In all steam prime movers, 
steam must first be generated in a boiler from water and be led by a 
pipe to the engine. The heat developed in the furnace of the boiler for 
generating the steam is always greater than the total heat contained in 
the steam at entrance to the engine. This is due to the unavoidable heat 
losses in the boiler and supply pipe, and in some cases on account of 
incomplete combustion. The efficiency of the boiler is the ratio of actual 
heat H\ - contained in the steam as it leaves the boiler to the heat 
liberated by the complete combustion of the fuel. In measuring these 
quantities steady conditions have to be maintained. 

Thus if F lb. of fuel, having a calorific value Hf, be burned per hour, 
and if IT be the weight of steam generated per hour, then the boiler 
efficieucyis W,{H\-h,) 

^ m — 


In up-to-date and large boiler plants, is as high as 0-80 to 0*85, and 
for smaller and less complete plants its value ranges from 0*55 to 0*70. 
These figures are based on the assumption of normal loads and steady 
test conditions. At smaller loads or unsteady conditions, is less than 
the value for normal loads. 

A certain fraction of the heat contained in the steam as it leaves the 
boiler or superheater is always lost in the connecting pipe leading to the 
engine. The amount of heat lost depends on the length of the pipe, on 
the temperature of the steam, on the speed of the steam, and on the 
insulation of the pipe. With an ineflacient lay-out it is possible for most 
of the superheat to be lost. Calling the ratio 


the transmission efficiency, the available fraction of the heat liberated 
by combustion and contained in the steam at entrance to the engine is 
Hence the shaft work expressed as a fraction of the combustion 
heat is 
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This value, which is sometimes called the overall efficiency, is a 
measure of the utilization of heat in the performance of work. With 

Ve = 

we have ^ s = 

so that the overall efficiency is the product of the separate efficiencies. 
Introducing the highest efficiency values, namely, rj^ = 0*87, rjt = 0*97, 
Yjth = 0*36, Yjg = 0-87, and = 0*94, gives 

= 0*87 X 0-97 x 0-36 x 0*87 x 0-94 = 0-25 

as the maximum value of heat conversion to work by a steam prime 
mover. 

This corresponds to a heat consumption of 
= 10200 B.Th.U./h.p. hour 


and, per kW hour, 

= 13660 B.Th.U./kW hour 
0*25 ' 

If electrical energy be generated, it is usual to consider the electrical 
output. Taking Yjd the generator efficiency, the overall effiiciency of 
the electrical plant is 


In the latest large American power stations the heat consumption 
amounts to 14,000 B.Th.U. per kW hour. In the Columbia Power 
Station, where steam at 600 Ib./in.^ abs. and 730° P. is used, the heat 
consumption is as low as 12,700 B.Th.U. /kW hour, which corresponds to 
an overall efficiency of 27-2 per cent.'*' 

The boilers of this plant operate on pulverized coal. They are fitted 
with economizers, air heaters, and air-cooled furnace walls. The steam tur- 
bines consist of a high pressure section, in which the steam is expanded 
in 14 stages to 110 Ib./in*^ abs. From there the steam is returned to the 
boiler, where it is re-superheated to 730° F. The steam is then supplied 
to the low pressure section, where it expands, in 12 stages, to the con- 
denser pressure. At the 18th, 22nd, and 24th stages, steam is tapped of 
and used to heat the feed water (regenerative feed heating). 

STEAM FOR POWER GENERATION AND HEATING 

Steam is used in practice for two main purposes — 

1. To generate mechanical energy (reciprocating engines and steam 
turbines). 

2. To supply heat for various purposes (heating of buildings, heating 
of substances, boiling of liquids, and drying). 

When used for the sole purpose of generating power there is in all 
cases a considerable loss of heat, since only a small fraction of from 

* Elektrizitdtswirtschaft (1927), page 472. “Test results of the Columbia Power 
Station.” 
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10 per cent to 25 per cent of the heat contained in the steam can be 
converted to mechanical work. The heat remaining in the steam, which 
amounts to 90 to 75 per cent, is lost in the exhaust, either to the atmo- 
sphere or to the cooling water of the condenser. 

When using steam for heating alone, no use is made of the available 
energy in the steam at all pressures, even when as low as atmospheric. 
Where there is no need for mechanical energy, as, for example, in the 
heating of buildings, this presents no great disadvantage, since the steam 
in being condensed gives up its total heat content (down to the tem- 
perature of the condensate) to the substance which is being heated. 
The sensible heat contained in the condensate can also be saved by 
feeding this condensate back to the boiler. The thermal efficiency of a 
heating system can in this way be as high as 90 per cent and, if reckoned 
on the heat of combustion of the fuel, is nearly as high as that of the 
boiler (60 to 80 per cent). 

Back pressure machines. When steam is used in factories it frequently 
happens that, in addition to generating power, it is also required for 
heating purposes. This occurs in paper, textile, and chemical factories. 

In effecting this it was customary, previously, to obtain the mechanical 
work {AE) by means of a condensing engine or turbine, and to obtain 
the heating effect (IFji) from steam generated in a special low pressure 
boiler, or from steam throttled down from a high pressure boiler, which 
served both purposes. The combustion heat required for the steam of 
the prime mover is then 

AE 


where is the thermal efficiency of the condensing engine. 
The combustion heat required for the heating steam is 


where is the efficiency of the (common) boiler. Hence the total heat 
required is 

w — (B.Th.U.) .... (517) 

The lay-out can, however, be so arranged that the same steam is used 
both for the power and for the heating. If, for example, heat has to be 
supplied by steam at about atmospheric pressure, the steam can be 
generated in a high pressure boiler and be fed to a steam engine or turbine, 
the back pressure of which is the same as the heating pressure. If the 
useful work delivered by the steam is AE, the heat at entrance to the 
machine is 

AE 


where is the thermal efficiency corresponding to the inlet pressure 
and the back pressure p^. The entering steam may he superheated, even 
though superheated steam may not be desirable for heating purposes, since 
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the superheat entirely disappears in the prime mover. The combustion 
heat required is 

W' = -- 4 ^ 

VhVell 

The heat contained in the steam, as it leaves the prime mover, and 
which is available for heating purposes, is less than the heat at entrance, 
due, first, to the heat equivalent of the work delivered, and, secondly, 
to the external heat losses in the engine. Neglecting the latter amount, 
but taking account of the fact that the greater amount of the friction 
heat is lost, it is necessary to consider the relation between the indicated 
and the effective work. 


the total heat in the exhaust steam is 

Veil Vni 

If now this heat is to suffice for heating purposes, then 

. V. / 1 1 


W,, = AE 


Veil V'ti 


so that 4|=I — (519) 

This gives the ratio of the heat and power values in a combined back 
pressure power heating installation. If the heating requirements are 
increased, throttled steam can be supplied from the main, but if, on the 
other hand, less heating is desired, the back pressure engine is, in general, 
unsuitable. 

The total heat which has to be supplied in the combined unit is the 
value W' given above. The ratio of heats required for the separate power 
and heating units to the heat W' in the combined unit is 

AE 

W' AE 


_ VeiiVi , II'h „ 

W 

With the value given above for -j~, and with = VeiVbi have 


+ 1 -' 


= 1 + 
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This value is always greater than 1, i.e. the total heat required for 
the separated power and heating units is always greater than that of the 
combined power and heating units. Thus, with — 0-1, = 0-2, 

ri^ = 0-85, 

|r "" 1 + ^'1 ((> 2 ~ 0^5 

so that in this case the heat required for the separated arrangement is 
38 per cent greater. The combined unit thus shows a definite economic 
gain, since the fuel consumption, for the same power and heat delivery, is 
only 72-5 per cent of that for the separate units. In addition, the con- 
densing plant and the necessary cooling water are dispensed with . 

Equation (520) shows that the gain is increased as the thermal 
efficiency of the back pressure engine increases. This efficiency is 



conditional in the first place by the pressure drop in the back pressure 
engine. As the boiler pressure is increased, therefore (while keeping the 
back pressure constant), the gain is increased. 

Where the heating steam pressures amount to several atmospheres 
(e.g. 50 to 75 Ib./in.^ abs.) it is necessary to increase the boiler pressure 
in order to gain the same efficiency, since the ratio of boiler pressure to 
the back pressure decides the thermal efficiency. Thus, if the boiler 
pressure is 150 Ib./in.^ abs. when the back pressure is 15 Ib./in.^ abs., an 
increase in the back pressure to 75 Ib./in.^ abs. means an increase in the 
boiler pressure to 750 Ib./in.^ abs. Fig. 256 shows the diagram of the 
back pressure engine when the boiler pressure is 215 Ib./in.^ abs. and 
heating steam pressure is 45 Ib./in.^ abs., while Fig. 257 shows the diagram 
for a boiler pressure of 700 Ib./in.^ abs. and heating steam pressure of 
110 lb./in.2 abs. 

Extraction engines or turbines. It is only in special cases that the 
amount of steam required for power purposes is the same as that required 
for heating. If the heating steam quantity is definitely less and the 
demand variable, the condensing engine with intermediate steam extrac- 
tion is used in place of the back pressure engine. The steam required for 
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heating is extracted from the receiver of a compound engine or, in a 
multistage turbine, at the stage where the pressure is equal to that of the 
heating steam. The remaining steam in the engine or turbine then 
expands in the low pressure cylinder or in the low pressure section of 
the turbine. Fig. 258 shows the ideal pressure-volume diagram. In the 
high pressure region the steam expands from the boiler pressure to 
the heating steam pressure jp', and enters the receiver at this pressure. 
The work delivered is say. Of the volume eg, the portion cd is removed 
for heating. The remainder, dg, expands in the low pressure section and 
delivers the work 

In the same way as in the back pressure machine, the total com- 
bustion heat required is less than that necessary when the heating is 
effected merely by throttling the high pressure steam, since the heating 
steam delivers work in the high pressure section. 

If less steam than that corresponding to the normal extraction cd 
is required, a correspondingly smaller volume cd' is extracted. In the 
low pressure section the greater quantity gd' then operates, so that the 
power output is increased. If now the increase in power corresponding 
to the reduced heating output be not required, it is necessary to reduce 
the quantity of steam entering the high pressure section, while main- 
taining the same pressure in the receiver or intermediate stage. Hence 
in addition to the ordinary governor of the engine, a pressure regulator 
for the heating steam must be fitted, which partially closes for a reduction 
of heating steam and opens for an increase. If the heating be entirely 
stopped, the engine operates as a normal condensing engine. When the 
greatest possible amount of heating steam is used, all the steam before 
the low pressure section is extracted and the engine operates as a back 
pressure machine with the low pressure section running empty. 

Practical application of steam in producing mechanical work. Machines 
used for producing mechanical work from steam are either reciprocators 
or steam turbines. In the following, the different operations followed by 
the steam will be discussed on a thermodynamic basis. Since the steam 
is, in every case, produced from water by the absorption of combustion 
heat in a furnace, it is necessary to take account also of the generation 
of the steam so far as this depends on the complete process of obtaining 
mechanical work from the heat contained in the fuel. This is also neces- 
sary for the further reason that in some of the latest arrangements the 
steam, during its delivery of work, takes up a further supply of heat, 
either from the furnace or by means of live steam at the boiler pressure, 
or, on the other hand, gives up heat to the feed water. 

Steam engine. Live steam is supplied by a boiler and enters the 
cylinder while the piston moves forward a distance s (supply period 
line ab in the pressure- volume diagram). At h the supply is cut off by 
means of a valve. The steam behind the piston expands as the piston 
moves forward, causing the pressure to drop continuously (expansion 
period line be). Shortly before the piston comes to the inner dead centre 
position, the valve opens a passage to the exhaust pipe and the steam 
first escapes, either to the atmosphere or to a condenser, on account of its 
excess pressure, and later by the action of the piston on its return stroke. 
When discharged to a condenser, the steam is condensed by means of 
cooling water. During this return movement of the piston, the passage to 
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exhaust remains open till the piston comes to e, where the steam pressure 
is about the same as that of the space into which exhaust occurs. At e, 
the distance of which from the left dead centre position varies, the 
passage to exhaust is closed, so that the steam remaining in the cylinder 
is compressed and rises to the pressure shown at / (compression period). 
The piston now moves to the right and the cycle is I'epeated. The same 
operations occur on the right-hand side of the piston, except that exhaust 
and compression occur during the time that supply and expansion occur 
on the left side of the piston. The operations on the two sides of the 
piston are completely independent of one another. 

A distinction is made between (a) atmospheric engines^ which exhaust 
to the atmosphere or to a heating system, and [h) condensmg engines^ 



which exhaust to a low pressure chamber, where the steam is condensed 
by cooling water. The steam pressure in the condenser cannot be higher 
than that corresponding to the saturation temperature, as given by the 
tables, e.g. at 95° F. it is 0-853 Ib./in.^ abs. The total pressure in the 
condenser, however, is always greater than the steam pressure, on account 
of the unavoidable quantity of air present. This air comes in with the 
steam and also leaks in from the outside. For this reason an air pump 
is always required in order to maintain the vacuum. 

For the same steam supply, the condensing engine delivers more 
work than the atmospheric engine, as shown by the two diagrams 
(Fig. 259) ctbc(d){e)(f) with condenser and u6cde/ without condenser. In 
the condensing engine, however, the total heat in the exhaust steam is 
lost, since it is transferred to the cooling water, whereas, in the non- 
condensing engine, the exhaust total heat, amounting to 80 to 90 per cent 
of that of the live steam, is still available for heating purposes. 

The work done by the steam on one side of the piston is represented 
by the shaded area. This work is always smaller than that calculated on 
page 485 for live steam having the same pressure for the following three 
reasons. Firstly, the steam is in general not expanded to the back 
pressure, and never in the case of condensing engines. A portion of the 
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available work is thus lost. The loss may be further increased by com- 
pression. Secondly, a pressure loss (throttling) always occurs during 
supply to the actual engine, and also the discharge pressure in the cylinder 
is always higher than the back pressure (not shown in Fig. 259, but see 
Figs. 192, 193, and 194). Thirdly, part of the dry saturated steam 
entering the cylinder condenses on the colder ports and cylinder walls, 
so that the available work is again reduced. 

The work actually performed by the steam on the piston is given by 
the area of the indicator diagram taken from the engine, and is thus called 
the indicated work or power [AE^ or NA- The ratio of this work to that 
of the available work, as given on page 485, is called the thermodynamic 
efficiency rjg of the engine. For engines using saturated steam its value 
lies between 50 and 60 per cent or less, depending on the release pressure, 
on the amount of clearance, on the efficiency of the valve gear, and on the 
prevention of steam leakage throughout the system. 

THE STEAM WORK IN THE IDEAL RECIPROCATING 

ENGINE 

In the ideal working process of the steam engine, the clearance volume 
is assumed to be negligibly small, so that there is no compression period. 
The form of the diagram then obtained is that shown in Fig. 260 (ahcde). 



The actual diagram taken by an indicator can never have the form 
of the ideal diagram (Fig. 260). The opening and shutting of the inlet 
and exhaust valves requires a certain period of time, during which these 
openings gradually increase and then decrease. This causes a rounding of 
the corners at 6, c, c? and e, as shown by the indicator diagrams of Figs. 
267 and 268.^* 

In addition, heat exchanges between the steam and cylinder walls 
have a considerable effect on the work done, and these are not present 
in the ideal case. 

In the following, the amount of mechanical work ideally obtained from 
unit weight of steam under given pressure and temperature conditions 
will be determined. 

The work performed on one side of the piston during a cycle is repre- 
sented by the area of the closed pressure volume diagram. This area 

* For further work on the theoretical treatment of the actual flow processes, 
see Z.V.d.I. (1907). W. Schiile, “ Zur Dynamik der DampfstrOmung in der 
Kolbendampfmaschine. ’ ’ 
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(Fig. 260) can have widely different values for the suimc ([iiantity of 
steam. If ab (Fig. 260) is the volume of 1 lb. of steam in the same state 
as on leaving the boiler, and v' == [ed) the stroke volume of the cylinder, 
the work delivered by the steam in the cylinder is {ahcde). 

If the stroke volume is smaller than say v'" the work obtained 
is only abc-^d-^e, which is smaller by the amount c-^cdd^. The greatest 
amount of work is obtained when the stroke volume is so large that the 
release pressure becomes equal to the back pressure. Diagram abc.^e 
shows this case for an atmospheric, and abc^c^Ci for a condensing engine. 

In an engine having a given stroke volume, and given initial steam 
pressure, the efficiency of performance is improved as the pressure at 
the end of expansion decreases, i.e. as the amount of steam supplied per 
cycle is decreased. A practical limit is finally reached, however (as 
shown below), when the heat losses to the wall exceed the heat equivalent 
of the steam work. 

By re- drawing the diagrams of Fig. 260 on the basis of a common 
stroke volume, say Fig. 261 is obtained. (The release pressures in both 
figures are about the same.) These diagrams can be regarded as referring 
to one machine. The larger diagrams, such as abode, correspond to full 
load, and the smaller, such as ab^de, to light loads. 

Diagrams such as ab^c^e^ are not obtained from single cylinder recipro- 
cating engines because the steam contained in the clearance volume alone 
has a definite pressure at the end of expansion, and this pressure cannot 
be decreased. Thus, for a clearance volume of 5 per cent and initial 
pressure of 180 Ib./in.^ abs., the release pressure is about 8-50 Ib./in.^ abs. 
(Fig. 261, line b^c^). A smaller release pressure could, of course, be 
obtained if the clearance volume were only partially filled, but the initial 
pressure would then not be the same as in the supply pipe. Thus, if a 
release pressure of 1-5 Ib./in.^ abs. is required, the clearance volume has 
to be fiUed with only sufficient steam to raise the pressure to 30 Ib./in.^ abs. 
(point h, Fig. 261). In this case, the inlet valve opens for a very short 
interval of time. Actual engines with large clearance volumes operate in 
the same way at light loads, but the high boiler pressure is unnecessary. 
The points h' and h" show the same effect for an engine with 10 per 
cent clearance and release pressures of 8-5 Ib./in.^ abs. and 35 Ib./in.^ abs. 
respectively. 

Steam turbines are capable of operating with a final pressure con- 
siderably below 1*5 lb./in.2 abs. Hence for turbines the shaded work 
area ab^tc^ex is normal. Compared with a reciprocating engine, having a 
release pressure of 1-5 Ib./in.^ abs. (points or t), the turbine is capable 
of delivering the extra work shown by the shaded area below tc^ (Fig. 261). 
This amount is considerably increased at the lower condenser pressures 
used in turbine work. Air-free conditions are therefore advantageous for 
steam turbines. 

The work done E^, corresponding to the area abede of the ideal cycle, 
is easily determined when the law of expansion is known. Taking the 
adiabatic exponent as y gives 

= constant 

where y == 1-135 for dry saturated steam and y = 1*30 for superheated 
steam. 
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The work area Eq consists of abb' a' = '}yv (full pressure work), 

bcc'E == (absolute expansion work), and - {edc'a') = ~pV 

(back pressure work). 

This gives the work per pound of steam as 

Eq= pv + ---j ipv-p^v') 


y~l 

y 

y-l 


pv- 


■PeV 


pv 1-- - 
^ ‘ y pv 


y-l p'v'\ 

"V J 




O 



SO that 

vp 

P 

By writing 

= ~ (pressure expansion ratio) 

we have 

llL: 

r — 1 ■ v 


Ej, y ^ 


( 521 ) 


33— (5714) 
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The greatest possible value of Eq occurs when expansion takes place 
down to the exhaust pressure, so that 


This 


gives* = 



(522) 


The expansion line gi for superheated steam (Fig. 260) lies above 
that for saturated steam, since, for the same initial pressure, the volume 
ag — V per pound of superheated steam is greater than the volume 
of saturated steam. 

The equations above hold for both states of the steam, but in the case 
of superheated steam only so long as no transition to the saturated state 
occurs during expansion. From thereon the expansion line follows the 
law — constant, whereas, previous to that, the expansion law is 

^^ 1.3 constant. No account has been taken of this change in the above 
treatment. If transition occurs and the work value be calculated on the 
basis of = c for the complete expansion, the result obtained is too low. 

See page 383 regarding the transition from the superheated to the 
saturated state during expansion. It is, of course, possible to develop an 
expression for Eq similar to equation (521), but it is preferable to adopt 
the much simpler and more accurate graphical solution by means of 
entropy charts. 

The range of release and back pressures for reciprocating engines found 
in practice are 

Condensing, = 7 to 10 Ib./in.^ abs. 1-5 Ib./in.^ abs. 

Noncondensing, = 151b./in.^ abs. Ib-Zin.*-^ abs. 

In steam turbines pg = = 1.5 to 0*5 Ib./in.^ abs. 


The work values, as given by equation (521) for these pressures, are 
given in Fig. 262 for both superheated and saturated steam. 

The steam consumption in pounds per horse-power hour == 33000 X 60 
ft. lb. is found from Eq by means of the relation 




33000 X 60 

JE. 


1980000 

^0 


(523) 


The thermal efficiency of the ideal process is the ratio of the ideal 
steam work Eg to the mechanical equivalent of the heat H absorbed by 
1 lb. of steam during generation, 

E 

'^th 77^ /7 (524) 


For saturated steam with a feed temperature of 90^^ F., H lies within 
the limits 1150 and 1123 B.Th.U. (from 180 to 45 Ib./in^ abs.). Hence 
the mean value 1140 for the higher pressures can be assumed. This, 
then, gives ^ 

^ 858900 

We have, therefore, also 

1980000 ^ ^ 

" Oo 


(526) 
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For superheated steam at 650° F. (and 180 to 45 Ib./in.® abs.) and 
feed water at 90° F., the value of E, as given by the Munich specific 
heats, lies between 1303 and 1313. Hence, for the higher pressures, the 
mean value (at 650° F.) E — 1307 can be assumed. 



Fig. 262 


This gives ^^20000 

1*95 


Steam consumption with superheated steam. A direct comparison of 
the steam consumptions for superheated and saturated steam does not 
give a fair measure of performance for the two cases. Account should 
be taken of the heat used with reference to the fuel, rather than the 
weight of steam used. If is the total heat of saturated steam, that of 
superheated steam, at the same pressure, is where is the 
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range of superheat. Hence 1 lb. of superheated steam contains more 
heat than 1 lb. of saturated steam in the ratio 

^ S “h 1 I 


The steam consumption of the machine using superheated steam 
should, therefore, be multiplied by this in order to make it comparable 
•with the consumption of the machine using saturated steam. In the 

1307 

above example this factor is = 1-142. This holds also for the steam 

consumption of actual engines. Without the introduction of the factor, 
the steam consumptions of the machines using superheated steam appear 
unfairly high compared with those using saturated steam. 

Since most steam turbines operate with superheated steam at about 
570° F., the reduction of the steam consumption to saturated steam 
conditions at the same pressure is, in general, not necessary. When the 
steam consumption is given, however, the temperature of the steam 
should also be given, since the heat value of the superheated steam 
largely depends on this, while the pressure has only a slight effect on it. 

Explanation of Fig. 262. This diagram contains the calculated values, 
according to the above equations (pressures 40 to 180 Ib./in.^), of — 

(1) the work of 1 lb. steam (Eq ft. lb.) ; 

(2) the thermal efficiency {rjifi per cent) ; 

(3) the steam consumption per horse-power hour {GqI}).) 


for atmospheric and condensing engines using saturated and superheated 
steam (680° P.). 

As shown in the included pressure diagram, the assumed release 
pressure for all cases of atmospheric exhaust is 15 Ib./in.^ abs. and for 
condensing engines 10 Ib./in.^ abs., as being the smallest value for 
normal loads in reciprocating engines. Using these values, Fig. 262 gives 
the ideal limiting values of Eq, and Cq. For superheated steam, Cq 
is reduced to the corresponding usual limits of upper and lower steam 
pressures and ranges of superheat in reciprocators, the remaining curves 
refer to condensing steam turbines with l-Slb./in.^ abs. vacuum. 

Pig. 262 shows first the very considerable advantage of high steam 
pressures. All the Eq curves rise with pressure. Since the heat supply H 
in the boiler is but slightly increased at higher pressures, the curves of 
also rise with pressure. The fraction of the heat converted to work is 
increased as the steam pressure is increased. 

The effect of condensation is shown by the way in which all the Eq 
and 7}th curves for condensing machines lie above those for non-con- 
densing. With saturated steam the average gain due to condensing for 
all pressures is about 57,400 ft. Ib./lb., and with superheated steam about 
65,600 ft. Ib./lb. The useful conversion of the heat using saturated steam 
at 70 lb./in.2 abs. in a non- condensing engine is 10-3 per cent, and in a 


condensing engine 17 per cent. Hence the gain is 
per cent. At 185 Ib./in.^ abs. pressure, the gain is 36*4 per cent. 


10-3 




100 = 65 
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The use of superheated steam shows a considerable increase in the 
work (Eq) per pound of steam compared with saturated steam, the 
difference being about 30,000 ft. Ib./lb. for high pressures and as much 
as 40,000 ft. lb. /lb. for low pressures. The boilers of plants using super- 
heated steam have, therefore, less steam to evaporate than those using 
saturated steam for the same power. In non-condensing machines the 
efficiency for all pressures with superheated steam is higher than with 
saturated steam, but the difference becomes less as the pressure increases. 
The same effect is shown in condensing engines at low pressures. Above 
about 130 Ib./in.^ abs. rjth approaches the saturated steam values very 
quickly until, at about 170 Ib./in^ abs., it cuts the saturated curve and 
then apparently runs below it. The values of Fig. 262 are, however, 
based on equation (521) in which the transition from the superheated to 
the saturated state is not taken account of. In the case of steam initially 
at 680^ F. and having a final pressure of 10 Ib./in.^ abs., this transition 
occurs with an initial pressure of 100 Ib./in.^ abs. At higher initial pres- 
sures than 1001b./in.2 abs. the saturated state is reached before the end 
of the stroke, and equation (521) gives values of Eq which are too low, 
although the difference for pressures near 100 Ib./in.^ abs. is not great. 
Hence, up to 150 Ib./in^ abs., the curves for superheated steam in Fig. 262 
may be regarded as correct. On the other hand, the intersection of the 
two curves at about 180 Ib./in.^ abs. does not occur when the transition 
to the saturated state is taken account of. The two curves, however, 
lie very close together. Hence, for pressures between 150 and 200 
Ib./in.^ abs., the useful conversion of heat to work when using superheated 
steam between given pressure limits is not greatly different from that 
obtained with saturated steam. It should be remembered, however, that 
this applies to the ideal process; actually a definite gain is obtained in 
using superheated steam on account of the smaller cooling losses. It 
should be noted that, on account of the corrected comparison of super- 
heated steam with saturated steam, the reduced steam consumptions 
have been plotted and not the true steam consumptions. 

See the following article regarding a more convenient and, in general, 
more accurate method of determining Eq, rjth, etc., by means of the entropy 
charts. 

DETERMINATION OF THE IDEAL USEFUL WORK AND THERMAL 
EFFICIENCY WITH THE AID OP ENTROPY CHARTS 

Complete expansion. As shown on page 456, the work represented by 
the ideal diagram when steam expands down to the back pressure is 
equal to the difference of the total heats and before and after 
adiabatic expansion. In the case of the reciprocator it is obtained from 
the H<j> diagram in exactly the same way as the heat drop is obtained 
for adiabatic flow, since it is identical to this. Hence, Fig. 241 can also 
be regarded as the ideal diagram of a reciprocating engine. See examples 
4, 5, and 6 on page 460. 

Although useful expansion down to the back pressure only occurs in 
the case of reciprocating engines exhausting to the atmosphere or in the 
high pressure cylinders of a multiple expansion engine, the ideal diagram 
with expansion to the back pressure still represents the upper limit of 
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available work, in spite of the fact that complete expansion to the back 
pressure in reciprocators is prevented by constructional and thermal 
reasons. In the case of the steam turbine, however, expansion down to 
this limit is actually realized, so that the steam leaves the last set of 
blades at the condenser pressure, and under normal conditions of opera- 
tion useful work is delivered to these blades. 

The comparison of a reciprocating engine with a steam turbine (in 
so far as the completeness with which both machines make use of steam 
at given initial and back pressures is concerned) is only possible when 
based on the diagram with complete expansion. 

These conditions hold also when, say, a single cylinder uniflow engine 
is to be compared with a normal compound engine. The common standard 
of comparison can only be the ideal diagram with complete expansion. 

For these reasons the ideal diagram with expansion down to the back 
pressure is of considerable importance in the case of reciprocating engines 
also. 

The H<f> chart gives a useful comprehensive survey of the work value 
and thermal efficiency of the ideal process between given pressure limits, 
but with different initial states. 

In Fig. 255 an initial pressure of 180 lb,/in.^ abs. and a back pressure 
of T5 Ib./in.^ abs. are assumed. The ordinates of the curve 'p = 185 
lb./in,2 abs. represent the total heats of steam at this pressure. When 
below the saturation point, the steam is wet, and when above, super- 
heated. The total heat values increase as the steam becomes drier and 
then as the range of superheat increases. 

The ordinate intercepts between the curves p = 185 and p' = T5 
Ib./in.^ abs. give the ideal useful heat drops and are equal to the ideal 
diagram areas with the toe.” These values also increase as the steam 
becomes drier or more highly superheated. The greatest useful work per 
pound is obtained at the highest temperature of the superheated steam, 
and the least work for the steam showing the highest moisture content. 

The measure of utilization of the original total heat of the steam 
(reckoned from 32° F.) is given by the ratio of the ordinate intercepts 
between the curves p = 185 and p = 1-5 to the total ordinates of the 
curve p = 185 Ib./in.^ abs. 

These ratios, i.e. the thermal efficiencies of the ideal process, have 
been plotted in Fig. 262. It will be seen that, with increasing dryness 
and increasing superheat of the steam, the efficiency slowly but con- 
tinuously increases. Thus, steam at 185 Ib./in.^ abs. and 660° F. gives 

= 0*28, while, with the same pressure 0*95 dry, rjtft, is reduced to 0-26. 
At 840° F. rises to 0*293. 

Incomplete expansion.* Entropy diagrams (particularly the dia- 
gram) are suitable for determining the available work of the steam when 
used under normal conditions in a reciprocating engine, i.e. with incom- 
plete expansion to the back pressure, provided use is also made of steam 
tables or the volume portion of the TVcf) diagram. 

Suppose it is required to find the maximum available work delivered 
by 1 lb. of saturated or superheated steam when the initial pressure is 
p Ib./in.^ abs. and initial temperature t° F., while the back pressure is 
jp' Ib./in.^ abs. (Fig. 263). The work E is given by the total shaded area 
* Z.V.dJ, (1911), page 1506. W. Schiile. Properties of steam, etc. 
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ABODE, and can be divided into two parts ABCF and CDEF. The 
area ABCF is equal to the heat drop between p and and can therefore 
be measured on the H<f) chart as shown in Fig 264, distance B'G'. The 
area CDEF has to be found by calculation. If is the specific volume of 
the steam at C, then 

CDEF = (Pe-p') 


The point O' on the H(j> diagram, corresponding to C, usually falls in 
the wet field, in which case the quality q is read on the chart. By taking 




the volume {Vq)s of dry saturated steam at the pressure p^ from the 
TVcj> diagram, or from the tables, we have 


For the critical pressure region we have 


but this case seldom arises. 

If, however, G' lies in the superheat field, the value of is found 
directly from the TVcf> diagram. 

The work in B.Th.U./lb. is now given by 

AE, {H^-H,) + U4:A{p,~p')v, 

With A = this gives 
77o 

E, == 77S(H,-H,) + lU{p,-p')v, 

The thermal efficiency is obtained from this by dividing AEq by the 
heat supplied H^' and the mean pressure of the diagram in Ib./in.^ by 
dividing by 144 

AE 

thus rju = TTf 


and 


778 

144 'y. 


+ 


In this way a considerable amount of tedious calculation is saved, and 
the difficulties and errors involved, due to the transition from the super- 
heated to the saturated state, are avoided. In addition, the method is 
applicable up to the highest pressures used. 
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Example 1. Steam at 280, 220, 185, 140, 115, and 85 Ib./in.^ abs. is 
expanded in a reciprocating engine to 10 Ib./in.^ abs. The condenser 
pressure is 1-5 Ib./in.^ abs. Find the useful adiabatic work AE^, the 
thermal efficiency rjth, the steam consumption Cg, and the mean pressure 

Pm"’' 

(а) For initially dry saturated steam. 

(б) For initially superheated steam at 650° F. 

{a) The Hj) chart gives for — 


p 

r=. 

280 

220 

185 

140 

115 

85 lb./in.2 abs. 


= 

231 

219 

208 

188 

174 

153 B.Th.U./lb. 



0-83 

0-839 

0*848 

0-863 

0*873 

0*889 

With (yj, 

S “ 

= 38-38 ft.^/lb. from the 

steam tables we have 


= 

31-8 

32-2 

32*5 

33-1 

33-4 

34-0 ft.^/lb. 

and with IMA 

1 

11 

001 

X 8-5 : 

= 1*573 





50-0 

50*6 

51-1 

.52-0 

52-5 

53-5 B.Th.U./lb. 

_ 

AE„ 

= 

281-0 

269*6 

259*1 

240*0 

226-5 

206-5 B.Th.U./lb. 

Hi 

==: 

1115*6 

1113*2 

1113*2 

1108*6 

1106-0 

1101-4 B.Th.U./lb. 

Vth 

= 

•252 

•242 

•233 

•217 

•205 

*188 

C„ 

= 

9*06 

9*55 

9*84 

10*6 

11-25 

12-3 Ib./h.p.hour 

Pm 


49-5 

45-2 

43*1 

39-2 

36-7 

32-8 lb./in.2 

(i) H,-H, 

_ 

282 

268 

255 

237 

223 

203 B.Th.U./lb. 



•919 

•938 

•952 

•974 

0*99 

341-4‘^’F. 



35*2 

36*0 

36*5 

37*4 

38-0 

39*8 ft.3/lb. 



55-3 

56*5 

57-3 

58-8 

59-7 

62-5 B.Th.U./lb. 

AE, 


337*3 

324*5 

312*3 

295*8 

282-7 

265-5 B.Th.U./lb. 

H,' 


1265 

1267 

1269 

1272 

1274 

1276 B.Th.U./lb. 

Vtn 


0-267 

0-256 

0-246 

0-232 

0*222 

0-208 

Co 

= 

7*55 

7*82 

8-14 

8*60 

8*99 

9-58 Ib./h.p. hour 

Pm 

= 

51*9 

48*8 46-4 

42*8 

40-3 

36-0 ib./in.* 


Determination of the theoretical steam work, mean pressure, steam 
consumption, and thermal efficiency of a reciprocating engine with clear- 
ance and compression with the aid of the entropy and volume diagrams. 

Neglecting losses, the theoretical indicator diagram of an actual engine 
has the form ABCDEF shown in Fig. 265. The value of this area is to be 
found by means of the entropy diagrams in the same way as was done on 
page 502, where the clearance and compression effects were neglected. 
The adiabatic expansion line BG in Fig. 265 is represented in the 
Hcf) diagram (Fig. 266) by the vertical BC, The distance BG == hp, 
B.Th.U. on the diagram would be equal to the area AJBGG^ shown 
shaded in the pressure diagram if the total weight of steam in the cylinder 
were 1 lb. 

The compression curve EF in the pressure diagram is represented by 
the vertical EF in the diagram, in which the point E (which coincides 
with G') is found by continuing the line BG down to the constant pressure 
curve where is the back pressure. The state of the residual steam 
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just at the beginning of compression, i.e. at E (Fig. 265) is identical to 
that which the expansion steam would have at the end of expansion if 
this occurred down to the back pressure (i.e. at C'). Immediately after 
release the steam in the cylinder expands in the same manner as it would 
if the piston were to continue its motion outwards without exhausting the 
steam, provided that the influence of the cylinder walls on the residual 
steam be neglected. Starting with the pressure Pc “^he end of com- 
pression, the point F is found directly on the H(j> diagram on the curve 

= constant. The distance i/J' == B.Th.XJ. would equal the work 
area F^FEDq of the indicator diagram if the weight of compression steam 
were 1 lb. 

If the live steam supplied to the cylinder per working cycle be If lb., 
and if the weight of steam in the cylinder during compression be If' ]b., 



the weight in the cylinder during expansion is (If + If ') lb. The ratio 
of If ' to If + If', which depends on the fractional clearance volume Sq 
and on the compression pressure p^, is found as follows — 

Since the state of the steam at E is the same as at C" (Fig. 266) the 
weights at these points are proportional to their absolute volumes, thus 

If' 

W+W'~~ DqC' 

Again, on the compression curve, the absolute volumes are pro- 
portional to the specific volumes, i.e. 


where v' is the specific volume corresponding to E in the J?<ji diagram 
and Vc to the point F. This gives, therefore, 
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In the same way the expansion curve gives, for the points C and C, 


D,G' 

CoC 


^ or DoC = ^ OoG 


Ve 


V. 


where is the specific volume corresponding to the state point C in the 

diagram. 

1400 BJhM.llb, With these relations, we have 



Area FqFUDq = 


Area AqAFFq = - 


9 


1 — 
9 


Ai 

<J 77 


1- fills 




The area giving the useful work is equal to the algebraic sum of these 
four areas, i.e. in B.Th.U., 
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^^0 = (i^) ~ (i^^) ^ (i“l;) 

or 

= (l^) ■■ ^ (l^) - V b -i^c) »»] j (530) 

with the pressures in Ib./in.^ abs. 

The mean effective pressure is obtained from this expression by 
dividing it by the steam volume corresponding to the stroke volume in 

Fig. 265. The total volume C^C is — \ and the stroke volume 


1 1 

=r~i X 

I + Sq I -yj 

This gives p„ = (1 + So) (1 - 


Pm — (1 4“ ^0 


■ 778 

144^;. 


+ Pe-P' -WiP-Po) “J lb./in.2 

The fractional compression follows from 


<So ~|” V 

= “ gluing 5, 

and the supply period from 


1 ) «?o • 


h + ^0 


giving 5 ;^ = - (1 + So) - So 


The steam consumption per kW. hour is 

„ 33000 X 60 33000 x 60 

^0 = — ir~ — m— 

The thermal efficiency is 

AEo 

Vih — rrt • * • 


AEf^ AEq 


. (534) 


where H\ is the heat supplied per pound. 

Special cases. 1. Engine without compression. 

In this case 53 == 0, hence equation {5Z2) gives = v\ and, with 
equation (527) W 

Again, Pc= P' a-nd = 0, so that equation (530) gives 
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and, from equation (531), 

With 5 o = 0 = 0, the relations shown on page 503, without clear- 

ance, are obtained. 

2. Engine with a compression pressure equal to that of the entering 
steam. Pc^ this case the second terms within the square brackets 

in equations (530) and (531) disappear. In addition, since = v (initial 
state) 

^ = vr+7o 

and he = h', where h/ == total heat drop (distance BO\ Rg. 266), equa- 
tions (530) and (531) give 


AEn 


1 th I 

(^.-#) + 7^8 i-v 






778 (he - 'tph') 
144 V. 


+ Pe 




(538) 

(539) 


If expansion takes place down to the back pressure, then, with 
Pg ^ p\ Ve = v\ hg = h\ we have 

(540) 


and 


AE^ = h' 
Pm 


. N/l ^ 

-7 (1 + ■%) (1 - W) 


144 v' 


778 A' r, , /, 

144v' v) 


. (541) 


Equation (540) shows that, with simultaneous complete expansion 
and compression, the clearance volume has no effect on the work obtained, 
however large the clearance volume may be* If, on the other hand, 
compression only is complete, the clearance volume does have an effect 
on the work done and steam consumption, as shown by equation (538), 
in which f still appears. 

Example 2. Superheated steam at 185 Ib./in.^ abs, and 570° F. is to 
be supplied to a reciprocating engine having a release pressure of 10, 
lb./in.2 abs. and a back pressure of 1*5 Ib./in,^ abs. Find the useful works, 
the thermal efficiencies, the steam consumptions, and the mean effective 
pressures when the compression pressure is 15, 30, 90, 150, and 185 
Ib./in.^ abs., and 

(a) the clearance volume is 8 per cent of the stroke volume (^0 = 0*08) 

(b) the clearance volume is 2 per cent of the stroke volume (<So = 0*02) 

Prom the II(I> diagram, = 0*927, q* = 0*853, and, from the steam 
tables {Vg)g ^ 38*38, (?/), = 228, hence == 0*927 X 38*38 = 35*5, 



APPLICATIONS 


509 


v' = 0-853 X 228 = 194-5. Also from the diagram, — 240 B.Th.U. 
and H\ = 1,226-6 B.Th.U./Ib. Tabulating— 


= 15 

30 

90 

150 

185 

= 0-946 

•982 t. 

= 95° F. 

150° F. 

194-6° F. 

= 24-8 

13*5 

5-60 

3-70 

3-205 

= 6-84 

13-40 

33-8 

51-5 

59-6 

= 0-547 

> 1 

— 

— 

— 5o = 0-08 

= 0-137 

•268 

•676 

1*00 

> 1 = 0-02 


This shows that compression is only possible to about 20 Ib./ia.^ abs. 
when Sq = 0-08, and to about 150 Ib./in.^ abs. when s# = 0-02. 

(a) Sp = 0-08. 


_ 35-5 X 0-08 
^ “ 24-8 X 1-08 


0-106 


= 1-16 h, = 141 B.Th.U. y)h, = 15 B.Th.U. 
144- 

1-16 (240-15) + ;^ 

X 1-16 [8-5 X 35-6-170 X -106 x 24-8] 

= 261 - 31-2 == 229-8 B.Th.U./lb. 

= ISI = 


S = 

■ 1226-6 

0-02. 

0*187 p,, = 

CO 

1 — ‘ 

Pc 

= 15 

30 

90 

150 Ib./in.^ abs. 

W 

= -0281 

-0509 

0-123 

0-186 

\ 

= 141 

190 

282 

331 B.Th.U./lb. 

y)h^ 

= 4-0 

9-2 

34-6 

61-5 B.Th.U./lb. 

AE, 

= 275-1 

281 

284-1 

282-7 B.Th.U./lb. 

0, 

= 9-25 

9-06 

8-98 

9-02 Ib./h.p. hour 

Vih 

= 0-225 

0-229 

0-232 

0-231 

Pm 

= 41-4 

41-4 

38-6 

35-7 lb./in.2 


The table shows that the steam consumptions and thermal eifticiencies 
are not greatly affected by the compression pressure when this is greater 
than 15 Ib./in.^ abs. Without compression, AEq = 257 B.Th.U./lb., Cq 
= 9,9, and rjth == 0*21. 

On the other hand, the important influence of clearance is seen by 
comparing the values with those under (a). The steam consumption of 
9-25 lb. with 2 per cent clearance, rises to 11-1 lb, when the clearance is 
raised to 8 per cent, i.e. an increase of 1*85 lb. Without compression, the 
consumption would be 8-14 lb*, as shown on page 504. Hence, due to a 
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9*25 


clearance of 2 per cent, the steam consumption is increased -q- 


times, or by 14 per cent, and, due to a clearance of 8 per cent, = 1*38 
times, e.g. by 38 per cent. 

Example 3. Superheated steam at 150 Ib./in.^ abs. and 570° F. is 
supplied to a condensing engine having a release pressure of 15 Ib./in.^ abs. 
and a back pressure of 3 Ib./in.^ abs. Find the values of AE^, C^, 
and 2^^ for compression pressures of 30, 75, and 120 Ib./in.^ abs. when the 
fractional clearance is {a) 10 per cent, (b) 2 per cent. 

From the diagram, = ’953, hence = 0*953 x 26*2 = 25-0 
ft.3/lb., and q' = *893, hence = 0*893 X 108*5 = 86*9 ft.^lb., h, = 198 
B.Th.U./lb„ H\ = 1,204 B.Th.U./lb. 

Also it can be shown that, with a fractional clearance volume of 
10 per cent, compression pressures of 75 and 1201b./in.2 abs. cannot be 
attained > 1 ). 


(^a) Sq = 0*10. With no compression (Pc ~ 


25 0*1 

^ ~ 86'9 ^ i -1 


0-0262 


1-03 


I - y) 

hence, from eqLuation (536), 

AE^ = 1-03 X 198 + X 1-03 x 25 |^12 - ~ x 147j 

= 204 - 6-5 = 197-5 B.Th.U./lb. 
hence Cq = 12*9 lb., rjth = 0*164 

1*1 X -974 X 197*5 X 777*8 


Pm 


25 X 144 


■ = 45*8 


For a compression pressure of 30 Ib./in.^ abs. tp = 0*182, h^ = 154, AEq 
= 208, Cq = 12 * 2 , rjth = '173. Hence the reduction in steam con- 
sumption is 12*9 ~ 12*2 = 0*7 lb. ^3 = 0*533. 

( 6 ) Sq = 0 * 02 . Carrying out the calculation in the same way as in 
example 2 gives — 

Pp = 30lb./in.2 ^ 248 Cq = 10-28 = -21 = 52-8 Sq = *121 

Pp = 751b./m.2 abs. AEq = 248-6 Cq = 10-25 = -21 p^ = 50-8 Sq = -248 

Pg = 1201b./iii.2 abs. AEq = 249*0 Cq = 10-23 = -21 p^ == 49-2 = -372 

Here, again, the same general characteristics are shown as in example 2 , 
namely, no appreciable improvement with compression pressures above 
30 Ib./in.^ abs., but considerable changes accompany a change in the 
clearance volume. For the same compression pressure the engine, with 
2 per cent fractional clearance, shows a steam consumption of 10*28 lb., 
compared with 12*2 lb. when the clearance is 10 per cent, i.e. 1*92 lb. less. 

Comparison between the actual and ideal indicator diagrams of a 
steam engine. The greatest amount of work which 1 lb. of steam can 
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perform when expanded adiabatically from a given initial state to a 
given release pressure when the back pressure is p' can be calculated 
as shown on page 495. It is represented by the diagram in Fig. 263. 

In actual engines, whether with or without compression of the clear- 
ance steam, this maximum work is never realized. The main reasons for 
this have already been discussed. When saturated or slightly super- 
heated steam is used, part of the steam condenses on entering the cylinder 
and this part thus delivers no work (or only a slight amount due to 
re-evaporation). With superheated steam the volume of the steam is 
reduced, due to the cooling effect of the walls, so that the capacity for 
work is again reduced. To this has to be added the disadvantageous 
effect of clearance; but the losses caused by clearance can be partly 
reduced by compression. The compression also reduces the losses caused 



by the cooling action of the clearance wall and end surfaces, since the 
mean temperature during a cycle, and consequently the mean wall tem- 
perature, is thereby raised. Finally, losses are caused by the pressure 
drop due to the flow of steam through the restricted valve areas. The 
initial pressure in the cylinder is less than that in the supply pipe (or in 
the boiler), while the steam pressure in the cylinder during exhaust is 
higher than the back pressure. The pressure losses produce a considerable 
difference between the actual and ideal diagrams (see Figs. 267 and 268). 
By drawing the ideal diagram over the actual diagram, as given by the 
boiler pressure p, the release pressure and the back pressure p', the 
loss is shown by the difference between the two areas. 

Let Eq be the ideal work and be the indicated work, the fraction 


is a measure of the conversion to work as compared with the ideal 
conversion. 

The ideal diagram corresponding to an actual indicator diagram can 
only be drawn when the weight of steam used per cycle in the cylinder 
ia known. This weight cannot be determined from the di,agram itself, 
since, with saturated steam, the quality, and, with superheated steam, 
the temperature at cut-off are not given by the diagram. The weight can 
only be determined by measuring the condensate formed in the surface 
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condenser or the feed supplied to the boiler in a given time. In the latter 
case any condensate formed in the supply pipe has to be deducted. 

The following are then represented in Fig. 267. 

The shaded area to the right of the perpendicular through the right 
dead centre position gives the work lost on account of the clearance 
space. 

The shaded area between the actual and ideal expansion line gives 
the loss due to cooling and the shaded area below the exhaust line gives 
the loss due to the pressure in the cylinder not being equal to that in the 
condenser. 

The area below the compression curve also represents a certain loss, 
but cannot be described as a compression loss, since the work of com- 
pression is regained during expansion. It is not possible to separate out 
the various losses definitely. The diagram (Fig. 267) only gives a general 
survey of these. 

The Rankine-Clausius cycle, in which expansion occurs down to the 
back pressure, can also be taken to represent the ideal diagram. This is 
necessary when comparisons have to be drawn between turbines and 
reciprocating engines. In this case the ratio of indicated to ideal work is 
less, since the loss due to incomplete expansion is then taken account 
of. See page 484 regarding this. 

On page 485 the value > 7 ^^ gave the fraction of the heat supplied H\, 
which is converted in the ideal case. Actually, however, the work 
delivered is that shown by the indicator, the area of which is rjg times 
that of the theoretical diagram. Hence the fraction of the total heat 
appearing as indicated work in heat urdts, or the indicated thermal effi- 
ciency is 

Vi == Vth 

(indicated thermal efficiency). 

As shown on page 487, this value is found from the indicated steam 
consumption Ib./h.p. hour, since 

2545 


A certain fraction of the indicated work is absorbed in internal 
friction in the engine itself (friction of the piston, bearings, valve gear, 
stuffing boxes, air pump, etc.). The remaining work, amounting to the 
fraction r}^ of the indicated work, is available as effective work at the 
engine shaft. The overall thermal efficiency of the engine, based on the 
heat in the supply steam, is then 


(Effective thermal efficiency of the engine.) 

Of the heat liberated by combustion in the furnace, the fraction is 
transmitted in forming the steam, and a further loss occurs in the pipe 
connecting the boiler and engine, so that the fraction 77 ^ of the heat in 
the boiler steam is available at entrance to the engine. 

Hence the steam engine converts to useful work the fraction 


(Overall thermal efficiency of the plant.) 
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As shown on page 153, this value can be determined from the fuel 
consumed per horse-power hour. 

By combining the maximum values of the efficiencies given on page 
489, we have rjs = 0-25. 

Up to the year 1921 about the highest values attained were those 
found by test by Josse, on a steam locomobile engine of 181 h.p. using super- 
heated steam, and by Gutermuth on one of the same type of 105 h.p. 
normal load. The first (I) operated with slide valve, while the second (II) 
was fitted with a piston valve. The following table contains the most im- 
portant data and efficiencies in these tests, along with Heilmann’s* latest 
results from tests on a Wolf steam locomobile using superheated steam. 


Engine 

Boiler 

Pressure 

lb./in.“A. 

Steam 
Temp, 
before 
High 
Pressure 
Cylr. “F. 

Eev./min. 

Weight of 
Coal of 
13,500 
B.Th.U./lb. 
in Ib./h.p. 
hour 

Steam 

Ib./h.p. 

hour 

Vs 

Wc 

Vm 

Vi 

I (Lauz) 

185 

668 

173-5 

1-22 

10-26 

0-154 

0-80 

0*928 

0-208 

II (Wolf) 

230 

624 

237 

1-09 

8-93 

0*173 

0-78 

0*946 

0-234 

III 

215 

646 

224 

0-96 

8-41 

0*196 

— 

0*938 

$0-223 

tlV (Wolf) 

289 

766 

190-5 

— 

7-10 


1 

0*905 

: ■” 


In the entropy diagram the actual cycle also deviates much from 
the ideal cycle. Its development on this diagram is involved and 
takes up considerable time, and cannot be discussed in this volume. 
(Boulvin’s method, See Z.VdJ. (1903), page 1281, M. Schroter and 
A. Koob.) It adds nothing to the general conclusions already formed, 
but is useful in depicting the various heat quantities supplied and with- 
drawn, and is more suitable for a scientific analysis than for practical 
testing. 

Examples. Figs. 267 and 268 show the indicator diagrams taken 
from a single cylinder condensing steam engine. The measurements of 
the engine, which is fitted with trip valves, are — Cylinder diameter 
12-2 in., stroke I6T in. Rev./min. for Fig. 267, = 122-2, and, for 

Fig. 268, n = 111-7. Fractional clearance volume (measured by filling 
with water) 10 per cent. 

{a) Fig. 267. Supply steam dry saturated (with steam jacket). Total 
steam consumption per hour, excluding condensate in the supply pipe, 
Si = 1,343 lb. at 115 Ib./in.^ abs. Load 55-6 h.p. C ^ = 24-1 lb. (Dotted 
expansion line without jacket condensate.) 

From Fig. 267, we have rjy ~ 0-547., also — oTT- — 
or 9-3 per cent. ^ " 

The simplest way of determining fj,j is from 


when Cq is found from the Hcj) chart, as explained on page 498. 


* Compound steam locomobile with a uniflow low pressure cylinder 


300 X 600 
500 


See Z.Vd.I. (1930), page 65. Heilman. Die neuere Entwicklimg der Heisedampf' 
lokomobile. 

■f Locomobile with triple expansion and re -superheater. Same reference. 

I Heat consumption 11,400 B.Th.TJ./h.p. hour. 


34— (5714) 
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With, f = 115 lb./in.2 abs.,f ^ = 19-6 Ib./in.^ abs., andp' == 1-5 Ib./in. 
abs. (from the diagram), the H(l> chart gives H-^- H^= 133 = 
B.Th.U./lb., andg, = 0-9, so that u, = q,{v,), = 0-9 X 20-1 = 18-1 ft.^/lb. 

Hence =133 (19-6 - 1-6) 18-1 

= 133 + 60.'5 
= 193-5 B.Th.U./lb. 


so that Co = 2545/193-5 = 12-9 



(6) Fig. 268. Steam supply superheated. Si = 8651b. Steam pres- 
sure 135 Ib./in.^ abs. Steam temperature above the valves 585° F. Load 
52-4 h.p. Ci = 16-54 lb. 

Fig. 268 gives 

= 0-63 


2545 

~ 16-54 X 1225 


= 0-125 


From the H<f) chart, with p = 135, = 235° F., and = 20-2 

Ib./in.^ abs., we have Ti^ ~ 170 and — 0-995, = 20-1 x 0-995 == 20 

ft.^/lb. Hence 

AEf, == 170 + (18-7)20 = 239-2 B.Th.U./lb. 


C-o 


2.545 

239-2 


10-67 


10-67 

16-54 


0-64 


In both cases the large clearance volume accounts for a considerable 
fraction of the losses (smaU 7 }g value). 

The smaller area between the expansion lines in Fig. 268,. compared 
with that in Fig. 267, shows clearly the advantageous influence of super- 
heated steam on the cooling losses. 
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Compound expansion. In compound expansion the steam operates in 
two cylinders. In the first cylinder, called the high pressure cylinder (I), 
the steam expands from to p\ and, provided no heat or work losses 
occur, the work delivered is (Fig. 269). The steam passes from the 
high pressure cylinder into a receiver, in which the pressure is p\ From 
there, steam is supplied to the larger low pressure cylinder (II), in which 
it expands to the release pressure p^, which, in condensing engines, 
ranges from 6 to 11 Ib./in.^ abs. The exnaust steam from this cylinder 
flows into the condenser at the pressure p^. In the low pressure cylinder 
the ideal work is The sum E^ -f- E-^^ is the same as the work Eq 

calculated on page 485. Hence, in this respect, no gain is apparent when 
the steam is expanded in two or three cylinders instead of in a single 
cylinder. The advantage of 
compounding, however, lies 
in the fact that the heat losses 
due to condensation are much 
smaller, because the port and ^ 
cylinder surfaces with which § 
the hot steam comes in con- | 
tact in the high pressure S 
cylinder are much smaller 
than in the single cylinder 's 
engine, which, for the same ^ 
power, must be equal in size ? 
to the low pressure cylinder. 

In addition, the temperature Fig. 269 

differences between the enter- 
ing and leaving steam are much smaller in the two cylinders, so that 
less condensation occurs. Hence, compounding results in a higher 
thermodynamic efficiency with a resulting lower steam consumption. 
The utilization of high pressures in reciprocating engines has only been 
rendered possible by means of compounding. 

Engines using superheated steam. Before the year 1895 steam engines 
operated with saturated steam only, at about the same state as it left 
the boiler, but almost all modern engines, including locomotives, now 
use superheated steam. The saturated steam coming from the steam 
space of the boiler is led through a superheater, which is fitted so that 
the hot furnace gases flow over it (Fig, 187). In flowing through the pipe 
s^^stem which forms the superheater, the saturated steam takes up heat 
at constant pressure and is dehvered to the engine as superheated steam. 
Superheat temperatures up to 700° F, have been used. 

In the cylinders of steam engines and in steam turbines, superheated 
steam operates in the same way as saturated steam, but the materials 
used in constructing the cylinders, valves, and stuffing boxes have to be 
capable of withstanding the higher temperatures, while a different type 
of lubricating oil must be used in the cylinders. 

Since the capacity for work of 1 lb. of superheated steam between 
given pressures is greater than that of 1 lb. of saturated steam, more 
work is obtained for the same steam used (i.e. for the same weight of 
water evaporated in the boiler). It must be remembered, however, that 
more heat is required to generate 1 lb. of superheated steam than 1 lb. of 
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saturated steam, so that it is necessary first to find whether a greater 
fraction of the heat can be converted to work when superheated steam is 
used and all losses are avoided. Fig. 255 does show that, as the tem- 
perature of the steam increases, the thermal efficiency also increases, 
e.g. for dry saturated steam at 185 Ib./in.^ abs., — 0-263, while at 
660° Yjth = 0-280. This increase, however, is not, in itself, sufficient to 
justify the use of superheated steam. It is found, however, that with 
superheated steam the heat losses to the cylinder walls, in spite of the 
higher temperatures, is relatively smaller than with saturated steam. 
Condensation only commences after the whole of the superheat is with- 
drawn, i.e. after the saturation temperature is reached, since, at satura- 
tion, the slightest withdrawal of heat effects a consequent condensation. 
Due to this property of superheated steam, the thermal efficiency of the 
engine is raised above that of an engine using saturated steam. The two 
effects thus raise the thermal efficiency appreciably. In the case of the 
steam turbine the advantage of using superheated steam consists not 
only in the higher thermal efficiencies obtained, but also because no 
drops of water are contained in the steam. These drops have a harmful 
effect on the blades and increase the flow losses. By the time the steam 
reaches the low pressure cylinder it is generally wet, on account of 
expansion. 

Variation in steam consumption with superheat temperatures. Under 
actual working conditions it frequently happens that a predetermined 
superheat temperature is not attained on account of various causes. 
Hence it is important to determine by how much the steam consumption 
is increased above that with normal superheat. From the results of 
numerous tests it is found that, for the same engine, the steam con- 
sumption per 1° F. rise decreases by about the same amount up to 650° F. 
(it becomes somewhat greater near the saturation region). In different 
engines, however, and with different methods of operating the same engine 
(atmospheric exhaust, condensing, change in load, and jacketing), the 
steam saved per 1° F. rise varies considerably. 

Taking extreme cases, it varies from about -013 lb. in efficient com- 
pound condensing engines to about 0*055 lb. in single cylinder engines of 
inefficient design. Hence the gain due to superheat is more marked in 
the case of engines of low efficiency. For engines of average efficiency, 
the saving may be taken as 0*03 lb. per 1° F. rise and per horse-power 
hoiu*. 

It should, however, be observed that the saving depends on so many 
factors that definite conclusions can only be arrived at regarding engines 
of a known type.* 

A lower limit for the weight of steam saved can be found from the 
theoretical steam consumptions. As shown on page 504, for example, 
the steam consumption when the release pressure is 10 Ib./in.^ abs. and 
the back pressure 1*5 Ib./in.^ abs. is, with 


= 280 

220 

185 

140 

115 

85 lb./in.2 abs. 

= 9-06 

9-55 

9-84 

10*60 

11*25 

12*30 lb. saturated steam 

7*55 

7*82 

8*14 

8*60 

8*99 

9*58 lb. superheated steam 

1-51 

1*73 

1*70 

2*00 

2*26 

2*72 lb. saving with superht. 


* See Zeitschr, Bayer,, Rev. Ver. (1912), Nos. 13-lB. Die Darlegungen von Deinlein, 
and also Zeitschr, Dampfkessel~u, Masch, Betr. (1914), Nos. 44—46, by V. Kammerer, 
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Since the ranges of superheat amount to 

239-3 260-2 274-6 297-1 312-0 333-6 

the saving per 1° F. range of superheat is 

0-063 0-066 0-062 0-067 0-072 0-082 IK 

Uniflow engines* In single cylinder and compound engines of normal 
design the inlet and exhaust passages lie in the wall of the cylinder. 
Where slide valves are used, the same passages are used for both the 
supply and exhaust steam. In the latter case, particularly, the port 
surfaces are considerably cooled by the exhaust steam, so that when the 
live steam enters on the next cycle it, in turn, is considerably cooled by 
these surfaces. This also occurs at the cylinder ends and at the walls 
near the port entrance to the 
cylinder. In the case of the 
uniflow engine, however, this is 
avoided by allowing the steam 
to exhaust through ports in the 
centre of the cylinder, which 
are opened by the movement 
of the piston when it comes 
near the end of its stroke (Fig. 

270), while the fresh steam 
enters at the opposite ends. In 
this way the steam enters at 
one end of the cylinder and 
leaves at the centre without 
changing its direction. Ex- 
perience and tests have shown 
that these engines show con- 
siderably smaller heat losses 
than those accompanying single cylinder engines, and are about equal 
in performance to compound engines. 

In the case of condensing uniflow engines, where the pressure during 
exhaust is about equal to the condenser pressure (T5 Ib./in.^ abs.), it is 
necessary, in order to attain the compression pressure required for smooth 
running, to have a very small clearance space (T5 to 2 per cent), even 
with the long period of compression. This small clearance serves, in 
addition, to reduce the steam consumption. On the other hand, if used 
as an engine exhausting to atmosphere, this small clearance would 
produce a dangerously high compression pressure, so that a variable 
clearance space or an auxiliary exhaust valve would be required. 

Uniflow engine with short stroke. The placing of the exhaust ports 
away from the inlet valves, which accounts for the high thermal efficiency 
in the unifiow engine just described, can also be effected in the manner 
shown in Fig, 271. In the lower part of this figure the exhaust ports 
are placed about the middle portion of the stroke. Exhaust must, how- 
ever, commence near the end of the stroke, so that the opening of these 
ports is not controlled by the piston, but by a special valve. The shutting 
of the exhaust ports on the left of the piston occurs when, on the return 
stroke, the left-hand edge of the piston arrives at the left-hand port 
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edge, but earlier closing can be effected if necessary by the valve. In this 
way the compression path is about half as long as in the arrangement 


shown in Tig. 270. 

The upper cylinder with two sets of ports, in Fig. 271, shows how the 
compression path can be still further reduced. 

In both these types of uniflow engines, the steam operates in the 
same way as in a single cylinder engine. Due, however, to the separated 

inlet and exhaust passages, the cooling losses 
are reduced and the thermodynamic efficiency 
\ increased, so that the steam consumption for 

\ a given power is reduced. 

\ The arrangements shown in Pigs. 270 and 

t . 271, which are generally applied to single 

cylinders, have lately been applied to the low 
pressure cylinder of a compound engine in a 
^ steam locomobile (see footnote on page 513). 


W\ 

P I a 


AContno/IediJ 


PROCESSES INVOLVING THE EXCHANGE 
OF HEAT BETWEEN THE ENGINE STEAM 
AND THE STEAM GENERATOR 

Feed heating by means of exhaust steam. 



Fig. 271 


The oldest and simplest j)rocess in which a 
heat exchange occurs between the working 
steam and the feed water of the boiler is the 
feed preheating by means of exhaust steam 
of the engine or turbine. 

In engines which exhaust to the atmos- 
phere, the weight of feed supplied to the boiler 
must be the same as the weight of steam required 


by the engine, and the same holds in condensing engines operating with 
jet condensers. In condensing turbines, which use surface condensers on 


account of the better vacuum obtained, the condensed steam can. of 


course, be used directly as feed to the boiler, and the temper^^ture *of this 
feed will be approximately that corresponding to the condenser pressure. 
If, for example, this pressure is 0*75 Ib./in.^ abs., the condensate tem- 
perature is 92° P. Hence the heat required to raise the feed water from the 
outside temperature of between 50 and 60° F. to 92° F., and amounting 
to between 32 and 42 B.Th.U./lb., is saved. This gain, however, com- 
pared with the total heat of between 1050 and 1250 B.Th.XJ. of the 
live steam, is negligible. 

The gain is considerably greater in engines operating at atmospheric 
exhaust, or in back pressure machines, since the temperature of the 
exhaust steam is then much higher (2l2 to 288° F.), and the feed water can 
be raised almost to this temperature, i.e. with atmospheric exhaust to 
about 195° F,, and with a back pressure of 46 Ib./in.^ abs. to about 
260° F. The heat necessary for this is between 145 and 200B.Th.U,, 
and compared with the total heat of live steam, say, at 170 Ib./in.^ abs. 
and reckoned from 50° F., which amounts to 1177 B.Th.U./lb., the per- 

centage saving is between = 12-3 per cent and ^ = 17 

percent. 
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This saving is not shown on the pressure -volume diagram but is 
represented on the T</> diagram (Fig. 272). It is given by the difference 
in sensible heats between 50° F. and 195 or 260° F. The heat supply 
without preheating the feed is given by the area abc'm'^n, while with 
preheating it is abc'n'n. This raises the thermal efSciency of the process, 
since the heat supply is now - 160 or ~ 228 instead of - 18. 



The regenerative process. The normal process of preheating the feed 
water by means of the exhaust steam represents a partial regain (regenera- 
tion) of the otherwise lost heat in this steam. The true regenerative 
process, however, extends further, in that not only exhaust steam is used, 
but also steam at one or more points in the course of its expansion through 
the engine or turbine. 

The process and attainable gain will be understood by considering 
its application to the compound steam engine. Consider such an engine 
working with superheated steam at 280 Ib./in.^ abs. and 570° F., and 
having a condenser pressure of 0*75 Ib./in.^ abs. 

The ideal work available in this case amounts to 409 B.Th.U./lb. 
Assuming that, of this, 150 B.Th.TJ./lb. represents the work done in the 
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high pressure cylinder^ the work done in the low pressure cylinder is 
259B.Th.XJ. The high pressure work of 150 E.Th.tJ. corresponds to a 
pressure drop from 280 to 52 Ib./in.^ abs., and the exhaust from the high 
pressure cylinder (or in the receiver) is wet, having the quality 0-973, so 
that the steam temperature is 285° F. (Compare the Tcf) diagram (Fig. 
272) in which be represents the adiabatic expansion in the high pressure 
cylinder.) 

At this point, however, the whole of the steam passing from the high 
pressure cylinder to the receiver does not, as in the case of ordinary 
compounding, pass to the low pressure cylinder, but a fraction of it is 
taken from the receiver and used to heat the feed water in a preheater. 
The heat contained in this '' tapped-off steam is not lost in the con- 
denser, as happens under normal conditions, but is returned to the 
boiler feed water. In this sense the regenerative process can be regarded 
as a means of reducing the heat losses in the condenser. 

In the above example, let the weight of steam withdrawn from the 
receiver to heat the feed per pound of steam discharged from the high 
pressure cylinder be 2 ^ lb. The weight of steard entering the low pressure 
cylinder is now (l- 2 :)lb., and this is condensed in the condenser at a 
pressure of 0-75 Ib./in.^ abs. and a temperature of 92° F. before being 
returned to the feed pump. On its way to the boiler this (1 - 2 ) lb. of 
feed water is led through the preheater, in which it takes up the heat due 
to the condensing of the 2 : 1 b. of tapped-off steam. This 2 : 1 b. of con- 
densate then mixes with the feed, and the mixture weighing 1 - 2 : + 2 : 
= 1 lb. is pumped into the boiler. Let the required temperatures of 
the feed after mixing be 280° F. 

The weight of tapped-off steam follows now from the condition that 
the heat given up by z lb. of tapped-off wet steam at 52 Ib./in.^ abs. in 
being condensed and cooled to 280° F. must equal the heat given to the 
(1 ~ z) lb. of feed water in being heated from 92° F. to 280° F. 

Hence, if y is the quality of the tapped-off steam, we have 

zyLi + 2 (283 - 280) -= (I- z) (280 - 92) 

(-973 X 923 + 3) 2 = 188 - I 882 


1 - 2 = -827 lb. 

The sensible heat in the feed is thus 188 B.Th.U./lb. greater than 
would be the case without preheating. 

The heat which the boiler and superheater give to the steam is now 
1,303-249 = 1,054 B.Th.U./lb. in place of 1,303 - (92 - 32) = 1,243 
B.Th.U./lb. 

On tlxe other hand, the work of the steam in the low pressure cylinder 
is reduced, since, in place of 1 lb. of steam, the weight is 1 - 2 = 0-827 lb., 
so that the ideal work is 

0-827 X 259 = 214 B.Th.U./lb. 

The total work per pound of live steam in the regenerative process is 
thus 150 + 214 — 364 B.Th.U./lb., while in the non-regenerative process 
it is 409 B.Th.U. 
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The percentage of the heat supplied which is converted to work is, 
in the regenerative process 


364 X 100 
1054 


0-345 


while in the non -regenerative process it is 
409 X 100 


1243 


= 0-329 


Hence, in spite of the reduction in work caused by the reduction in 
the weight of steana operating in the low pressure cylinder, the thermal 




efficiency in the regenerative process is increased and the increase 
amounts, in the above example, to 


100 


0-329 


0-329 


100 = 4-9 per cent 


A simple graphical representation of the process in the Tcj) field is 
shown in Fig. 272. The work of the high pressure cylinder is repre- 
sented by the area abed (difference in total heats between b and c). The 
low pressure work would equal the area dcc^f if the weight of steam 
expanding in the low pressure cylinder still remained equal to 1 lb. 
Since, however, the weight is only (1 -z) = 0-827 lb., having the state 
represented by the point c at entrance to the low pressure cylinder, the 
work is represented by 0-827 times this area. Hence, if the lengths dc 
and /c, and all the intermediate horizontal intercepts of the low pressure 
work area are multiplied by 0-827, the resulting line gh, which is almost 
straight, found by joining the points thus given, is obtained, and the 
area dghf represents the low pressure work in the regenerative process. 
In addition, the area cghh'c', lying below cgh, is equal to the area of 
fd^dif lying below and represents the heat given to 1 lb. of feed water 
due to preheating. 

The regenerative process was first tried on reciprocating marine 
engines, but without much success. It has, however, lately been applied 
successfully to steam turbines, which, on account of the different stages, 
enable steam to be tapped off at suitable pressures, and thus increase 
the thermal efficiency. 



522 


TECHNICAL THERMODYNAMICS 


The number of tap-off points can be increased indefinitely and the 
feed raised, accordingly, almost to the initial steam temperature, so that 
an upper limit of thermal efficiency can be deduced. This limit is reached 
when a very large number of preheaters is used, with a very small 
extraction of steam from each. 

When a limited number of tap-off points is chosen, the step-like limit 
curve is obtained on the T(j> and^F fields (Figs. 273 and 274). If, however, 
the number is indefinitely increased, so that heat is continuously with- 
drawn during expansion, the limit curve is continuous, as shown by the 
dotted curve hg in Fig. 273. This curve is equidistant horizontally from 
the liquid line af. The area abgf is the work delivered by 1 lb. of steam, 

Steam Turbine 


5 


Fig. 275 

and the area ohVal represents the heat necessary to generate 1 lb. of 
steam and equals the latent heat, since the preheating is continued until 
the feed is heated to the boiler temperature (point a). The work area 
ahgj is equal to the rectangle abmn, so that the thermal efficiency is given 
by the ratio of this rectangular area to the rectangular area abb' a', i.e. 


This is the thermal efficiency of the Carnot cycle, which can thus be 
approached by means of the regenerative process if a sufficient number of 
preheating steps be adopted. 

Preheating in several stages in steam turbines. The arrange ment is 
shown in Fig. 275. W lb. of live steam flow from the boiler aw, after 
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passing through the superheater, enter the turbine at Piih./in.^ abs. and 
F. The turbine can consist of a high pressure, intermediate pressure, 
and low pressure section, in which the steam expands down to and 
then enters the condenser, where it is condensed to water. The pre- 
heating steam is tapped-off at three points, w-^ lb. is taken from a stage 
in the high pressure section at the pressure p' and led to the preheater I ; 

lb. from a stage in the intermediate pressure section of the pressure ^ 9 " 
and led to the preheater II ; and lb. from a stage in the low pressure 
section and led to the preheater III. Hence the weight of steam entering 
the condenser is w; = W -w^-w, 2 - lb., which, after being condensed. 



is led to the hot well and may be at the saturation temperature corre- 
sponding to the condenser pressure From there the feed water is 
returned to the boiler by the feed pump. On its way to the boiler the 
feed is led through the three preheaters, in which it is heated by the 
tapped-off steam, so that, in the preheater III it is raised nearly to the 
saturation temperature corresponding to the pressure p'", in II to i'' , 
and in I to the saturation temperature corresponding to the pres- 
sure The feed water enters the boiler with the sensible heat N corre- 
sponding to this temperature. The tapped-off steam, weighing 
is, at the same time, led to the hot well, so that all the live steam taken 
from the boiler gathers there as feed water and is returned as such to the 
boiler. 

The process in the steam turbine is conveniently represented on the 
H(f> chart (Fig. 276). Expansion begins at the point A, where the pressure 
is Pi, the temperature and the total heat If the flow through the 
turbine were frictionless, the steam would expand, as shown by ABq 

= constant). Actually, however, due to the unavoidable friction losses. 
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the expansion line is AB (with increasing entrop^O (see page 461). The 
useful work delivered by the steam between ^^st tap-off point 

is W Ai?!, between the first and second tap-off points {W- between 

the second and third tap-off points (W -il \- and between the 
third tap-off point and the condenser {W -W 1 -W 2 - w^)AH^. The total 
heats of the tapped-off steam are H', H'\ and H"\ If no steam be 
tapped off, the work is W{^H^ + LH^ + NH^ + NH^) =: W{H^ ~ H^). 
Hence, when steam is tapped off the work per pound of live steam is 
obviously reduced, since the weight of steam operating is reduced after 
each tap-off point. On the other hand, the heat required to generate the 
steam is reduced, since the feed water is preheated to f g before entering 
the boiler. 

The following relations, in which TF = 1, serve to determine the 
quantities w^, w, t, h, the work E, and the thermal efficiency. 

+ ^2 + ^3 + ^ = 1 * • • • (fi 42 ) 

The sensible heat in the feed water tank is given by the sum of the 
sensible heats contained in the entering water quantities, i.e. 

w-Ji' + w^h" + -f wh^ = A . . . . (543) 

The heat given up by the tapped-off steam on being condensed in a 
preheater is equal to the heat taken up by the feed water in its passage 
through the preheater, so that 

for preheater I -N) = h' , , . . (544) 

for preheater II w^iH" - fe") = h" - A'" .... (545) 
and for preheater III w^iH^'' - N") = h"' - h .... (546) 

From equation (544) we have 

H' — N ' * * ’ ’ ’ * (547) 

and from equation (545) 

^2 H" - h~' 

From equation (546), in which the two quantities and h are unknown, 
we have h = h'" - w^{H'" - E") (549) 

With equations (542) and (543), this gives 




With the values giveii above for and this enables to be 

found, and w is then found from equation (542), giving 

as well as h from equation (549) or equation (543). 


( 551 ) 
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The work per pound of live steam is 

AE = 


( 552 ) 


and is thus calculable when the values of AJ?!, and ^ are 

read from the Hcj) chart for a given case. 



With frictionless flow the total heats are 

[H'] = 1,201 [H"] = 1,108 1 = 1,012 [Ha] = 870 

and the heat drops 

[AH{\ = 137 [ZlHa] = 93 I == 96 ^ 142 

The assumed stage efficiencies are 
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which give the following total heats at the actual condition points on 
Fig. 277 

if' = 1,242 H" = 1169-5 H"' = 1089-9 H, = 968-9 

and the actual heat drops 

AHi = 96 AH._ = 72-5 AH, - 79-6 AH^ = 121 

From the equations (547) to (554) above, we now have, for frictionless 
flow, 

[mjJ = 0-0882 [w,] = 0-084 [Wj] = 0-0626 [i«] = 0-76.72 h = 90-2 

AE = 137 AE, = 84-7 AE, = 79-4 AE, = 119 

AE = 420-1 Q = 1039-4 

rjtn = 0-405 
Without regeneration, 

AE = 468, Q = 1,290-4, = 0-363 


Hence, the gain due to regenei-ation is 


/0-405- 0-363' 
0-363 


X 100 = 11-6 percent. 


For the actual flow we have 

w, = 0-0844 w, = 0-0786 w, = 0-0.598 w = 0-7772 h = 88-0 
AE^ = 96 AE, = 66-4 AE, = 66-7 AE^ = 94 

AE = 323-1 Q = 1039-4 


so that = 0-311 

Without regeneration, 

AE = 369-1, Q = 1,290-4, rja, = 0-286 
The gain due to regeneration is thus 


/0-311 -0-286\ 
\ 0-311 j 


100 =8-1 per cent 


and is thus smaller than in the theoretical case, since the tapped-off 
steam in the first preheater has a higher range of superheat. 

The highest thermal efficiency when the steam is initially saturated 
is given by (page 522) 


max ' ' /jp 1 /jp 

but requires an infinite number of tap-off points. 

If, however, the steam is initially superheated, this equation, which 
is the same as that given by the Carnot cycle, no longer holds. If, in this 
case, tap-off first occurs at the stage in which the steam becomes saturated, 
the useful heat drop to this point is 

In the wet field, with continuous preheating of the feed, the necessary 
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heat supply is equal to the latent heat at the temperature since the 
feed is heated to this temperature. Of this quantity the fraction 

T,-To 

T, 

is converted to work, giving 
T -T 

S 

Since the total heat supplied in generating the superheated steam is 
L + and the total work is 

the thermal efficiency is 

[L+^H„)T, 


This value is higher than the Carnot efficiency between the tem- 

T 

perature limits and but considerably less than the value 1 -7^, 

1 1 

which gives the Carnot efficiency for T-^ as the upper limit of temperature. 

In the above example the steam becomes (with frictionless flow) 
dry saturated at 88 Ib./in.^ abs. and 319^ F., and, giving = 150 
B.Th.U./lb., L = 895 B.Th.U./lb. 


Hence 

max 


895 460 4- 79-5 

^ ' 

1045 ‘±UV -J- OXJ7 


= 1 ~ 0-593 = 0-417 


The Carnot efficiency for saturated steam at 88 Ib./in.^ abs. would be 


460 + 79-5 
460 + 319 


1-0-693 = 0-317 


while for saturated steam at 400 Ib./in.^ abs. with == 445° F., it is 


460 + 79-5 _ 
460 + 445 “* 


1 - 0-596 = 0-404 


Hence, with superheated steam at 400 Ib./in.^ abs. and 650° F. (pre- 
heating to 319° F.), the maximum thermal efficiency is not greatly 
different from that obtained from dry saturated steam at 400 Ib./in.^ 
when the feed is preheated to 319° F. (i.e. the saturation temperature, 
with an infinite number of heaters), but even with only three preheaters 
raising the feed to 328° F., the value obtained is about as high (0-405) 
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as shown in the above example. With ti = 
as the upper temperature limit, we have 


. 539>5 

1110 


= 0486 


650° r. or 


= 1110°F.abs. 


which, however, is only attainable with saturated steam at 2200 Ib./in.^ 
abs., and not with superheated steam at 400 Ib./in.^ abs. and 650° F. 

Re-superheating of steam. Steam which has been expanded in the high 
pressure cylinder of a compound engine can be returned to a superheater 
which is heated by the hot flue gases of the boiler^ or by high pressure 
steam. The same may occur in the case of multistage turbines, par- 
ticularly in those in which there are separate high and low pressure 
sections. The steam, after expanding in one or two stages and before 
entering the next stage, is led to a superheater. 

Due to this arrangement, the work performed in the low pressure 
section of the engine or turbine is increased, as shown by the pressure 



volume diagram (Fig. 279). At the same time, the thermal efficiency is 
also increased, since the steam in the low pressure section is now dry, 
in place of the wet steam obtained when no re-superheating is adopted. 
Where a high initial pressure combined with a large number of expansions 
is used, re-superheating of the steam becomes particularly necessary. 
This process was first applied by W. Schmidt to a high pressure engine 
(850 Ib./in.^ abs. initial pressure and condensing). Modern large turbine 
installations having high initial pressures are now generally ffited with 
re- superheaters. 

Preheating of the feed water and combustion air by the heat contained 
in the boiler flue gases. The flue gases of the steam boiler leave the 
heating surfaces of the boiler at a temperature of about 550° F. Hence 
they can with advantage be still further cooled before entering the 
chimney or funnel. Since both the feed water and the combustion air are 
initially at room temperature, the flue gases can be used to heat these, 
so that a saving of combustion heat is effected, with a consequent increase 
in the overall thermal efficiency of the plant. The lower limit of tem- 
perature to which the flue gases can be cooled may be taken as 250° F. 
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The fraction of the combustion heat contained in the flue gases at 
550° F. depends (as shown on page 75) mainly on the amount of excess 
air supplied to the furnace. Assuming an average excess air factor of 
1*5, the flue gases contain (as shown on page 78) about 3-3 per cent of 
the combustion heat per 100° F. temperature rise above room tem- 
perature, so that, for a flue gas temperature of 550° F. and room tem- 
perature of 60° F., the percentage heat carried away is 


-60 

100 


3*3 = 16 per cent. 


If the flue gases are cooled to 250° F. in a feed water economizer or air 
precooler, the fraction of their heat content which is saved is 


550 - 250 
550 - 60 


0-6 or 60 per cent. 


Hence the saving of the combustion heat which can be eflected in 
this way is 0*6 x 16 = 10 per cent. 

While economizers have been in general use for some considerable 
time, it is only within recent years that air preheaters have been adopted. 
The combustion air in the latter can be heated to 400° F., but, as a rule, 
a somewhat lower temperature is aimed at, so that an economizer and 
air preheater can both be employed. 

Application of very high pressure steam. In the development of the 
steam engine since the time of Watt, continuous efforts have been made 
to use higher and higher steam pressures. Up to the beginning of this 
century the maximum steam pressures in use lay between 170 and 
210 Ib./in.^ abs., and during the following 20 years the maximum reached 
was about 300 Ib./in.^ abs. Apart from special research, the year 1921 
may be regarded as the year in which the high pressure steam engine 
was first introduced. Wilhelm Schmidt, who, 25 years earlier, had 
succeeded in applying superheated steam to steam engines and turbines, 
published, in 1921, the results of his comprehensive tests on a quadruple 
expansion steam engine of 150 h.p., which operated with superheated 
steam at 815 Ib./in.^ abs. These tests showed that the application of 
these high steam pressures resulted in a considerable reduction in the 
heat consumption per unit load, when the provisions necessary for such 
high pressures are made, such as having more than two expansion stages 
and making provision for re-superheating the steam. Schmidt showed, 
at the same time, that boilers for these high pressures could be successfully 
designed, in spite of the doubts then existing. Although it can scarcely 
be claimed that such high pressures have become general, it must- be 
admitted that it is due to Schmidt’s efforts that pressures of 400 to 
600 Ib./in.^ abs. are now found to be necessary in the large steam turbine 
plants developing 10,000 to 100,000 kW., and that large power stations 
are now operating with steam pressures as high as 1,200 Ib./in.^ abs. 

The higher steam temperatures applied since 1921 result from the 
use of these higher pressures. These temperatures have risen from about 
550° F. to about 750° F., and the necessity for this increase was recognized 
by Schmidt himself. Since saturated steam at 815 Ib./in^ abs. has a 
temperature of about 520° F., the best results, in using this steam, are 

35”(57X4) 
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only obtained ii the steam is superheated through the same range of 
superheat as is used for a normal pressure of, say, 220 Ib./in.^ abs. Hence, 
if the latter is superheated through the range 650- 400 = 250° F., the 
steam at 815 Ib./in.^ abs. should be heated to 520 + 250 = 770° F. In 
the tests mentioned above, Schmidt used steam at 870° F. 

The success of the ScWidt engine consisted in the saving in heat 
consumption, which amounted to 30 per cent as compared with a good 
reciprocating engine, and 23 per cent compared with a compound loco- 
mobile."^ The steam heat consumption per 1 h.p. hour amounted to 
8,000 B.Th.U., which, with a boiler efficiency of 85 per cent, amounts 
to a fuel heat consumption of 9,400 B.Th.U. per 1 h.p. hour, or about 
9,400/0-9 ~ 10,460 B.Th.U./b.h.p. hour. The thermal efficiency of the 
2545 

plant is then X 100 = 24-4 per cent. The engine was condensing, 

the condenser pressure being 0-57 Ib./in.^ abs. 

As the steam pressures are raised, both the work per lb. and the 
thermal efficiency of the ideal cycle increase. Both values are measured 
in the usual way by means of the chart. The following values are 
thus obtained (for a condenser pressure of 0-75 Ib./in.^ abs.) from the H(j> 
chart, for the pressures 

j3= 150 300 450 600 900 1200 1500 1800 2200 Ib./in.s abs. 

Saturated steam — 

Available work — 


330 372 396 

413 

431 

437 

442 

440 

433 

Total heat, reckoned from 90° F.- 
1140 1151 1154 1154 

1149 

1140 

1127 

1108 

1076 

Thermal efficiency — 

0*29 0-323 0-343 

0-358 

0-376 

0-384 

0-393 

0-397 

0-403 

Superheated steam at 750° 
Pressure — 

150 300 450 600 

‘F.— 

900 

1200 

1500 

1800 

2200 ib./in.^ abs. 

Range of superheat — 

391 333 294 

264 

218 

183 . 

154 

129 

o 

o 

o 

Available work — 

422 461 481 

493 

509 

517 

520 

518 

512 

Total heat (above 90° F.)- 
1347 1340 1333 

1325 

1310 

1293 

1276 

1256 

1226 

Thermal efficiency — 

0-313 0-344 0-361 

0-373 

0-389 

0-400 

0-408 

0-413 

0-418 


These values of for both cases are plotted to a base of steam 
pressures in Fig. 280. 

In addition, the values of the thermal efficiency with complete regener- 
ation for saturated steam have been plotted, as well as for superheated 

* See 0. H. Hartmann. High Pressure Steam. V.DJ. Verlag. (1925). 
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steam with complete regeneration in the saturation region (page 519)* 
The latter two values give curves which lie very close together. The 
diagram shows that the increase in thermal efficiency with pressure is 
much greater than that obtained without regeneration, and amounts 
(for pressures between 850 and 2,000 Ib./in.^ abs.) to about 4*3 per cent 
for each 100 Ib./in.^ pressure increase. Without regeneration, increases 
(between 850 and 2,000 lb. /in. abs.) by about 3 per cent (absolute) and 



Steam Press, p Ib./ln^abs 
Fig. 280 

attains a maximum value of 41 per cent at about 570 lb./in.‘^ abs. With 
regeneration it amounts to 40 per cent at 400 lb. /in. abs., and rises to 
50 per cent at 2000 Ib./in.^ abs. 

In reciprocating engines and turbines the transition from the super- 
heated to the saturated state during expansion is of particular importance 
and is readily shown by the diagram. Thus, in Fig. 281, for steam 
initially at 850 Ib./in,^ abs. and 825° F., the diagram shows that on 
adiabatically expanding the steam, it becomes dry saturated at 91 Ib./in,^ 
abs. (line AC-^) ; steam initially at 1,150 Ib./in.^ abs. and 750° F. becomes 
dry saturated at 242 Ib./in.^ abs., and steam initially at 1,700 Ib./in.^ abs. 
and 750° F, becomes dry saturated at 540 Ib./in.^ abs. In the reciprocating 
engine the expansion is almost adiabatic, but in the turbine the actual 
expansion curve lies above the adiabatic, due to flow resistances and the 
deviation from the adiabatic increases with these resistances. In Fig. 281 
the states on entering the wet field with a frictional loss of 20 per cent 
have been plotted (points Cg for 8501b./in.^ abs., for 1,150 Ib./in.^ abs., 
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and C 2 for 1,700 lb. /in.^ abs.). The transition to the saturated state in 
the case of reciprocators occurs at considerably higher pressures than in 
steam turbines. 

Now, since wet steam both in reciprocators and turbines lowers the 
thermodynamic efficiency, it is advantageous to re-superheat the steam 
when it reaches the saturated state, before further expansion occurs. 
For this reason, Schmidt fitted two intermediate re-superheaters in his 
experimental quadruple expansion engine, and in this way obtained a 
high thermodynamic efficiency even in the low pressure section. The 
diagram (Fig. 281) shows the changes in the steam state for this 



engine. The steam initially at 850 Ib./in.^ abs. and 825° F. expands in 
the first high pressure cylinder, whereby its pressure and temperature 
drop to 240 Ib./in.^ abs. and 500° F. (line AB). It now operates in the 
second high pressure cylinder, in which it expands to 70 Ib./in.^ abs. 
(line BG) and is found to be wet, having entered the wet field at a pressure 
of 91 Ib./in.^ abs. After leaving this cylinder the steam is superheated in 
the first intermediate re- superheater, which is heated with saturated 
steam at the initial pressure of 850 Ib./in.^ abs. This causes the operating 
steam temperature to rise to 525°F. (line CD), The condensate of the 
heating steam is returned to the boiler. In the intermediate cylinder, 
into which the superheated steam enters at 70 Ib./in.^ abs., expansion 
occurs to 11 Ib./in.^ abs., but the steam enters the wet field at 15 Ib./in.^ 
abs. Hence, before expanding in the low pressure cylinder, the steam is 
led through a second re-superheater also heated by saturated steam at 
8501b./in.^ abs., so that its temperature is again raised to 625° F. (line 
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EF), In the low pressure cylinder expansion occurs to 3 Ib./in/^ abs., 
after which the steam is exhausted to the condenser against the condenser 
pressure of 0*7 Ib./in.^ abs. In the cylinder itself the steam, after release, 
enters the wet field when the pressure drops to 1*1 Ib./in.^ abs., but, due 
to re-heat, it is superheated on entering the condenser. 

In the case of a turbine supplied with steam at the same initial con- 
dition A, and exhausting at the same final state G, one re- superheater 
only would be required, as shown by the dotted line Ae.^fG. In general, 
therefore, a fewer number of re-superheaters is required in the case of 
turbines, and when the initial pressure is about 400 Ib./in.^ abs. and the 
range of superheat sufficiently high, no re-superheater is required. 

The importance of utilizing high pressure steam is emphasized by 
the following remarks* on the position of turbo -generator design, par- 
ticularly in America. The normal steam pressures of about 300 Ib./in.^ 
abs. employed ten years ago rose rapidly to about 700 Ib./in.^ abs., the 
pressure now used in very large units. Six years ago the first high pressure 
units using steam at 1,200 Ib./in.^ abs. were built, but only a few attained 
an output of 10,000 kW. To-day quite a large number of 50,000 kW. 
machines are in course of construction or in operation, and the total 
output of these very high pressure turbines amounts to 400,000 kW. 
Using a fuel with a calorific value of about 12,500 B.Th.U./lb. and a 
boiler having an efficiency of 85 per cent, the amount of fuel required 
per kW. hour in these machines is 0*88 lb. (11,000 B.Th.U.) or even less. 

Indirect generation o! high pressure steam. Before the introduction of 
very high pressure boilers, moderately high pressure steam boilers had 
already been constructed as water- tube boilers, in which direct heating of 
the water or steam space was avoided. W. Schmidt had already shown 
that narrow water-tube boilers could be constructed to withstand pres- 
sures up to, and over, 850 Ib./in.^ abs., provided that pure water (i.e. free 
from impurities and dissolved gases) be supplied as feed. It is not always 
possible to ensure this, and when impure feed water is supplied, destruc- 
tion of the directly heated tubes occurs, due to the retardation of heat 
flow through the walls. This can be avoided when the steam generation, 
instead of occurring directly by means of hot gases, is efiected by means 
of heated steam at a temperature above that of the high pressure working 
steam. The arrangement depends on whether saturated or superheated 
steam be used for heating. 

{a) Saturated heating steam. (The Schmidt hot steam process.) If the 
heating steam is saturated, it must be raised to a pressure sufficiently 
high to ensure that its temperature is above that of the boiler steam 
saturation temperature, so that a reasonable heat transfer may be 
effected. Thus, if steam at 850 Ib./in.^ abs, is to be generated, the heating 
steam has to be raised to between 1,000 and 1,400 Ib./in.^ abs., the 
corresponding temperatures of which are 545 and 587° F. Since water 
at 850 Ib./in.^ abs. boils at 525° F., the temperature difference lies between 
20° and 60° F., and hence condensation is possible, and the latent heat 
liberated is transferred to the boiler water. The arrangement is shown 
in Fig. 282. f A spiral coil is fitted in the water space of the steam boiler 

* Die Wdrme (1930)', page 93; from E. W. Rice in Gen. El. Review. 

t 0. H. Hartmann. Experiences with the Schmidt High Pressure Safety Boiler. 
Hochdruchdampf IL V.D.I. Verlag. (1929.) 
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Aj and is filled with saturated steam at 1,400 lb. /in/^ abs., supplied by 
the steam generator B, which is fed with pure water. This part of the 
system can be used as a water tube boiler having the unheated water and 
steam collectors 0 and D. The heating steam is condensed in the heating 
coil and the returning hot condensate is cooled to about the boiler feed 
temperature in the preheater E. The saturated steam, at 850 Ib./in^. abs., 
generated in the boiler A, is led to a superheater F, heated to the usual 
superheat temperature (650 to 750'^ F.), and then led to the turbine. 
Since the total heat of steam at 850 Ib./in.^ abs. (reckoned from 90° F.) 



is 1,151 B.Th.U./lb., and that of steam at 1,400 Ib./iii.^ abs. is 1,129 
B.Th.U,/lb., the ratio of the weight of steam generated to the weight of 

heating steam is = 0*98. 

A high pressure steam locomotive has lately been constructed using 
the same process and having the closely spaced narrow water tubes of 
the hot steam generator in the fire space. As a result of tests by the 
German State Railways the pressure of the boiler steam ranged from 
650 to 800 Ib./in.^ abs., and that of the steam in the heating coil from 
1,000 to 1,400 lb. /in.2 abs. In addition to the high pressure steam, 
additional steam was generated at 150 Ib./in.^ abs. by the residual heat 
in the furnace gases. 

(6) Superheated heating steam. (The Loffler high pressure transfer pro- 
cess.) In this process, the steam generator, consisting of a cylindrical drum 
filled about half full of water, is heated by superheated steam, which is 
led to and mixes with the boiler water. The pressure of this heating 
steam requires to be only slightly higher than the boiler pressure, but its 
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temperature must be considerably higher than the boiler saturation 
temperature. If, for example, steam at 1,400 lb. /in.^ abs., which has a 
saturation temperature of 587° F., is to be generated, the heating steam 
temperature must be at least 650° F. to 750° F., since it is only by means 
of the superheat that excess fresh steam can be generated. The heating 
steam is not specially produced as in (a), but is generated along with 
the operating steam and brought to the desired superheat temperature 
in a fired superheater. The arrangement is shown in Fig. 283. A is the 
steam boiler in which saturated steam at 1,400 Ib./in.^ abs. and 587° F. 
is generated. This steam is withdrawn from the boiler by the steam 
pump B, discharged to the superheater C and returned as superheated 
steam at 750 to 900° F. to the perforated pipe in the boiler. The steam 


\w,lb. 



pump has merely to overcome the pipe resistance, which may amount to 
several atmospheres, depending on the steam speed and length of pipe. 
Hence the steam pressure at entrance to the superheater is higher by 
this amount than in the boiler. At a point in the return pipe the operating 
steam, amounting to TFi lb., is led by a branch pipe to the turbine. The 
remainder, amounting to lb., returns to the boiler, where its superheat 
is used to generate the excess weight W-^ lb. of steam. An equal weight 
W-i lb. of fresh feed water must be supplied to the steam generator by 
the feed pump. Before entering the boiler this feed is heated by the 
products of combustion coming from the superheater, so that the tem- 
perature of the feed rises to and the heat taken up is /q - h^. The weight 
IF 2 of additional steam which has to be supplied in generating lb. 
of operating steam is determined by the condition that the total heat of 
(IFi + TF 2 ) lb. of saturated steam leaving the boiler must equal the total 
heat of IF 2 of return steam and IF^ lb. of feed water entering the 
boiler, i.e. ^ 


This gives 


If 2 _ H^-h, 

“ A. 
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Hence the return steam weight is always greater than the weight W-^ 
of operating steam. Thus with 


p = 1800 1500 

1200 

1000 

800 

600 

400 Ib./in.'^ abs. 

= 1163 1182 

1197 

1204 

1210 

1213 

1212 B.Th.U./lb. 

and for = 850° F., i.e. 
heater, 

the temperature of the steam leaving the super- 

1389 1402 

1415 

1422 

1430 

1438 

1445 B.Th.U./lb. 

= 226 220 

218 

218 

220 

225 

233 B.Th.U./lb. 


The feed water should be as hot as possible in order to make Tf ^ 
small as possible. In the extreme case the preheating would raise the 
feed water to the saturation temperature, so that H^. - \ ~ L (the latent 
heat). According to Loffler, the preheating should proceed for all pres- 
sures, until the sensible heat differs from that corresponding to the 
boiler pressure by about 90 B.Th.U. This then gives H \ = L 90. 
The minimum ratio is 


and the value by Loffler 

1/ + 90 

W,- h. 


and hence, for 


P == 

1800 

1500 

1200 

1000 

800 

600 

400 

L = 

511 

568 

623 

660 

699 

740 

787 

(f) - - 

2-26 

2-58 

2-86 

3-03 

3-18 

3-29 

3*38 


2-66 

2-99 

3*28 

3-44 

3-59 

3-69 

3-77 


The weight of steam dealt with by the steam pump per pound of 
operating steam is 


In finding the work required from the pump, the volume V of this 
mass has to be considered and is given by 


With Ap as the excess pressure required to overcome the frictional 
resistances, this work is E^ = V Ap, where (as shown on page 276) 


Aj) = /? 


kYL 

d F™ 


In this, is the mean specific volume of the steam as it passes from 
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the steam pump through the superheater to the boiler, and is greater 
than This now gives 



and this value, and thus increases as the steam pressure increases. 
Loffler found in the same way that the steam pump work expressed as a 
fraction of the available steam work, delivered by 1 lb. of steam, increased 



as the steam pressure decreased. At 280 Ib./in.^ abs. the steam pump 
work is actually greater than the useful work delivered, and even at 
570 Ib./in.^ abs. the pump work amounts to over 20 per cent of the useful 
work. Hence the arrangement only becomes practicable at pressures 
above 7001b./in,^ abs. At 1,700 Ib./in.^ abs. the pump work amounts to 
less than 2 per cent of the useful work. The arrangement, therefore, is 
only suitable for very high pressures.* 

* The first of these boilers was built by Loffler in the Florisdorf locomotive 
factory in Vienna (1925). It proved, according to Loffler, that steam could safely 
be generated at between 1,400 and 1,700 Ib./in.^ abs. and at a temperature of 930° F. 
The reader should refer to an article in Hochdruckdampf II, by Loffler, which refers 
to a larger plant built at the same place, in which 8 tons /hour were generated at 
1,550 lb./in.2 abs. and 840° F., and also to a still larger boiler generating 15 tons/hour 
at 1,700 lb. abs. and 930° F. 
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Geaeration of high pressure steam avoiding the saturation region. 
(Benson Process.) As shown on page 396, it is possible to produce super- 
heated steam from water without passing the steam through the wet 
and dry saturated states. In order to do this, the cold liquid water must, 
when steam is to be formed at constant pressure, be brought up to, or 
above, the critical pressure, i.e. above 3,200 lb. /in.^ abs. The water at 
this pressure is then supplied with heat until the temperature rises to the 
critical value (705° P.). It then changes its state to that of superheated 
steam. 

The changes are best illustrated by means of the Tcf) diagram (Fig. 284). 
If water be heated from 32° F., so that at every instant the pressure equals 
the saturation pressure (such as occurs in a closed vessel with a small 
steam space and no discharge), then, on the T<j> diagram, the changes 
occur along the lower limit curve and the heat supplied is given by the 
area below this curve. The critical state is reached at (7, where the 
saturation pressure attains its highest value. If now more heat be 
supplied to the closed vessel, the curve extends beyond the saturation 
region into the superheat field with a slower rate of pressure increase. 

If, on the other hand, the water be first brought to the required steam 
pressure <Vc^ always occurs in steam generation, the heating 
curve is now DF and only attains the lower limit curve at F when the 
temperature of the water rises to Tg, the saturation temperature corre- 
sponding to ^5. The curve does not now commence at 0 but at some point 
D to the left of 0. The distance of D from 0 increases as the pressure, to 
which the cold water is originally subjected, increases, since with isothermal 
compression of water the entropy decreases. Now, so long as the water 
pressure p^ is less than the critical pressure p^, the heating curve p^ = 
constant cuts the liquid limit curve (point F) between 0 and C, i.e. the 
water is brought to the boiling point by heating at constant pressure, 
and a further supply of heat (latent) at constant pressure serves only to 
generate steam from F onwards. If the water pressure is equal to the 
critical, the heating curve at constant pressure touches the limit curve 
at its highest point (line Dfi), and with a further heat supply the water 
immediately changes to superheated steam, without having to pass 
previously through a saturated state. If, finally, Ps> the heating 
curve is now and the water changes gradually to superheated 

steam, so that no definite point can be given at which the liquid state 
ceases and the superheat state commences. Hence, in producing steam 
from water in this way, no priming occurs, this being one of the difficulties 
in using high pressure steam. On the other hand, the steam pressure is 
too high for satisfactorily operating prime movers and, in addition, the 
steam very rapidly becomes wet when adiabatically expanded from points 
on curves p > Pc, unless the steam temperature is considerably greater 
than the critical. This is a disadvantage in running the engine, but can 
be avoided in the following way, without having to raise the superheat 
by an impracticable amount. The steam at any of the points A^, A, or Ag, 
where the pressure is above the critical (3,200), say, 3,500 Ib./in.^ abs., is 
throttled through a valve in the steam collecting pipe to some suitable 
operating pressure, e.g. 1,400 to 2,000 Ib./in.^ abs. This means that the 
total heat remains constant (page 444). In the Ht diagram (Fig. 285) 
the state change is represented by a horizontal line. According to the 
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Josse Ht diagram the temperature drops with this change. If, for example, 
the initial temperature is 842° P., then throttling from 3,270 to 2,130 
Ib./in.^ abs. causes a reduction in temperature to 768° F., and throttling 
to 1,420 Ib./in,^ abs. a reduction in temperature to 703° P. The steam, 
therefore, remains superheated and cannot (with this initial temperature) 
be reduced to the saturated state no matter how far throttling proceeds. 

On the T(f> diagram (Pig. 284) the state change, for these conditions, 
is represented by ’the curve A^N. With a lower initial temperature, such 
as at the throttling curve 
cuts the saturation curve at 
J5, and the steam becomes 
wet. Starting at a still lower 
temperature, point A^ (Pig- 
284), the throttling curve 
A^B^ cuts the liquid limit 
curve and hence effects 
liquefaction (as, for example, 
in the Linde air liquefaction 
process). This latter type of 
throttling must be avoided 
at all costs, since dangerous 
water hammer would occur in 
the supply pipe and engine.* 

The highest temperature in 
the steam generator must 
be such that the throttling 
curves never meet the liquid 
limit curve, although they 
may meet the saturation 
curve beyond the critical Tiu. 285 

point, as shown by the line 

AB in Fig. 284. In the latter case the steam must be superheated at 
constant pressure {BF from B), since saturated steam becomes wet when 
adiabatically expanded. At F the steam is now at a suitable state for 
operating in the engine. 

This is the system of steam generation first proposed by Benson, of 
Siemen’s Works. f Fig. 286 shows the working arrangement. The feed 
pump draws water from the hot well and delivers it at about 3,250 
Ib./in.^ abs. to the preheating coil A, where it is heated to about 300° F. 
From there it proceeds through the coil, heated by the radiant heat of 
the oil or coal dust flame in the fire space, where the water temperature 
is further raised to about 715° F., which is in the neighbourhood of the 
critical temperature. It then flows through the superheater coil 0, at 
exit from which, where the throttle valve D is fitted, the temperature is 
now at 842° F. The steam leaves the throttle valve at 2,100 Ib./in.^ abs. 
and 762° F., and proceeds to the superheater where it is heated to 

* See Fig. 231 regarding the course of the throttling curves on the T<j> diagram 
for CO 2 in this region. The same characteristics are shown by HgO. 

I H. Gleichmann. Benson Process for Generating High Pressure Steam (HocA- 
druoMampf, V,D.I. Verlag). Also there, W. Abendroth. Steam Plant with Benson 
Boiler in the Siemen’s Schuckert Power Station. 
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842° F., after which it is supplied to the turbine.* Several processes are 
shown to scale on the H(j> diagram (Fig. 287), with the same lettering as in 
Fig. 284. 


STEAM ACCUMULATORS 

General principles. Operating steam in excess of that required for 
immediate use in factories cannot be stored in the vapour state, because 
the tanks required to store this steam would be excessively large, due to 

zmlb./in^abs. 842°F. 

- ->- 

To the Tunbine 



the large volume occupied by the steam. They would also be excessively 
heavy, in order to withstand the steam pressure. The steam in excess of 
that required for immediate use can, however, be stored in a small tank 
by first condensing it, and can be used later by re-evaporating it. In order 
to be able to use the steam again, it is essential that only as much cooling 
water be supplied as is necessary to reduce the steam to water at the 
saturation temperature, otherwise the change of state is irreversible and 
accompanied by a consequent loss of pressure and capacity for work. 
Accumulators, which serve to store the heat only and not the steam 
energy, are called “ warm water accumulators.’’ In the following the 
steam accumulator alone is considered, and is sometimes known as the 
“ energy ” or “ power accumulator.” 

When saturated or superheated steam at the pressure is condensed 
by mixing with cold water, hot water is obtained which can have a 

* See Ahendroth and Gleichmann (Hochdruckdampf II) regarding tests on the 
Benson process. Also Josse Tests on the Benson Boiler (Z.V.d.I. (1929), No. 51, 
page 1815.) 
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maximum temperature i.e. the saturation temperature corresponding 
to p. The weight of water at the temperature required to 

condense 1 lb. of dry saturated steam at the constant pressure ^ is 
calculable, since the heat given up by the steam in condensing it com- 
pletely to water at is the latent heat L. This heat must be sufficient 
to raise the water from to so that 

= WJh,~-h,) . (555) 

” 



where is the sensible heat at the saturation temperature and at t^. 
For all actual cases it is sufficiently accurate to take 

W,„ = (557) 

With *0 = 90° F., Aq = 58, and with 


p 

15 

150 

300 

750 

1500 

Ib./in.^ abs. 


213-0 

358-4 

417-4 

511-0 

596-3‘ 



= 181 

330-6 

394-2 

502 

567-6 

B.Th.U./lb. 

^^S~‘ ^'0 

= 123-0 

272-6 

336-2 

444-0 

509-6 

B.Th.U./lb. 

L 

= 970-2 

867-9 

816-2 

708-9 

567-6 

B.Th.B./lb. 


== 7-88 

3-18 

2-43 

1-60 

Ml 

Ib./lb. 
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The steam q-aantities W ^ which can be stored per pound of water at 
90° F., are with 



Tfg = 0-127 0-315 0-412 0-625 0-9 Ib./lb. 

or, per 1,000 lb. of water, 

1000 = 127 315 412 625 900 lb./«team 



Steam Pressure, 

Fig. 288 

If the accumulator water is at a higher temperature, as, for example, 
when it is preheated in an economizer, the water weights correspond- 
ing to equation (556), are greater and the steam weights Wg smaller. 
For tQ = 212° F., we have, with 


p = 

150 

300 

750 

1500 lb. /in. 2 abs. 

^ s “^0 = 

150-6 

214-2 

322 

387-6 B.Th.U./lb. 

w = 

5-76 

3-80 

2-20 

1-47 lb. 

1000 w. = 

174 

264 

455 

680 lb. steam 


In Fig. 288 the values of 1000 have been plotted to a base of 
pressures between 15 and 1,500 lb. /in.^ abs. 

Superheated steam. If the steam entering the accumulator is super- 
heated, i.e. <tg, the heat given up in condensing 1 lb. of steam is 
greater than the latent heat L by the amount of superheat 

Hence L W^(hs 

so that L + h,, ^ (55S) 
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Since, in tables giving superheated steam values, the total heat H 
is reckoned from 32° F., it is more convenient to replace L + by 
the equal expression H so that 


hs-K 


. (559) 


and 1000 W ^ = 1000 , (560) 

Thus, with q = 750° F., = 212° F., 



15 

150 

300 

750 

1500 

Ib./in.^ abs. 

^su = 

1412 

1405 

1398 

1376 

1334 

B.Th.U./lb. 


181 

330-6 

394-2 

502 

567-6 

B.Th.U./lb. 

^ su ~ ” 

1231 

1074-4 

1003-8 

874 

766-4 

B.Th.U./lb. 

1000 w, = 

0 

140 

214 

368 

505 

Ib./lb. 


These values, which are smaller than those given with dry saturated 
steam, have also been plotted in Fig. 288. 

There are two definite groups of steam accumulators, called the 
“ pressure drop ” accumulator and “ constant pressure’’ accumulator. 



Pressure drop accumulator (Ruth’s accumulator) Fig. 289. This consists 
of a pressure-tight container connected by a pipe on one side to the boiler 
and on the other side to the steam consumer (engine or heating apparatus). 
This container is not completely filled with water and the pressure in it 
is always above atmospheric, even when discharged. When the amount 
of operating steam required is less than normal, the excess steam from 
the boiler is delivered through the valve to the perforated pipe at the 
foot of the accumulator and condensed as it rises through the water. 
The steam temperature rises in accordance with the saturation pressure, 
as more and more steam is supplied, until finally the pressure in the 
accumulator is the same as in the boiler. The accumulator is then said 
to be fully charged. Discharging of the accumulator occurs when the 
amount of operating steam required is above the normal, and is effected 
by opening the valve Fg. As more and more steam is withdrawn, the 
pressure and temperature in the accumulator continuously decreases, 
due to evaporation, the heat for which comes from the accumulator 
water. 
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Charging of the accumulator. Let the weight of water contained in 
the accumulator before charging be IFj lb., and let the sensible heat be 
\ B.Th.U./lb. Also let the corresponding quantities at the end of charging 
be Wj lb. and \ B.Th.U./lb., so that the weight of steam introduced and 
condensed is W^ — Wi-Wg. The total liquid heat contained in the 
accumulator has thus increased by 

(IfA- WM B.Th.U. 

The steam supplied brings with it the total heat, i.e. when dry 
saturated, the amount 

(W^-W„) (Ai + A) 
or, when superheated, the amount 

(IFi-lTo) + 4 + //-..„) 

or {W,-W,)H,,, 

Hence, for dry saturated steam, 

or, for superheated steam, 

WA-WJio = {W^-W,)H,^ 

■ These give, for saturated steam, 

El = 1 ^-^0 

Wo 4 

and, for superheated steam, 

Wi 



The weight of steam taken up per 1 ,000 lb. of accumulator water is 
W W 

1000 W, = 1000 " 

so that, for saturated steam, 

1000 IT, = 1000 ^3:^^ 

and, for superheated steam, 

1000 IT, = 1000 ^ \ = 1000 7 - b - ■ ■ ■ (563) 

These agree with equations (560) and (558) above. The weights of 
steam absorbed by 1,0001b. of water are, however, smaller than in the 
above examples, since the accumulator pressure during discharge cannot 
fall below the permissible minimum pressure of the steam used in the 
engine or heater. This pressure amounts to several atmospheres. The 
accumulator capacity is thus dependent on, and increases with, the 
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pressure drop. It is also dependent on the boiler pressure and live steam 
temperature. Thus, with a lowest accumulator pressure of = 60 
lb./in.2 abs., which gives = 293^' T. and \ = 262 B.Th.U./lb., and with 


Pi = 

90 

120 

200 

250 

300 

750 

lb. /in.* abs. 

h. 

291 

313 

356 

376 

394 

502 

B.Th.U./lb. 


29 

51 

94 

114 

132 

240 

B.Th.U/lb.. 

L == 

895 

877 

841 

822 

806 

709 

B.Th.U./lb. 

1000 W. = 

32-4 

58*1 

112 

139 

164 

337 

lb. /lb. 


These values also have been plotted in Fig. 288. 

Discharging, During discharge the pressure in the steam space is 
lower than the saturated steam pressure corresponding to the accumulator 
temperature. The amount of steam given up by the accumulator per 
unit time depends on this pressure difference and increases with it. 
When it is greater than the pressure load ph given by the water depth Ji, 
then complete evaporation of the accumulator contents can occur. During 
the discharge period the temperature falls, since the latent heat of the 
steam formed is supplied at the expense of the liquid heat in the accumu- 
lator water, giving a corresponding drop in pressure. The temperature 
drop At and the pressure drop Ap are given by the course of the saturation 
pressure curve. Their relation is also given by the Clapeyron equation 
(page 427) 


Ap 


T{v,~g) X 144 


n/in.2 o 


For — 


p = 60 90 

t = 293 320 

7-142 4-862 

L = 916 895 

AplAt= 0-024: 1-84 


120 

200 

250 

341 

382 

401 

3-692 

2-261 

1-817 

877 

841 

822 

2-31 

3-44 

4-08 


300 750 lb./in.2abs. 

417 511 °F. 

1-522 0-601 ft-Vlb. 

806 709 B.Th.U./lb. 

4-70 9-45 lb./in.“ “ F. 


For larger pressure drops the steam tables are applied. 

Let the weight of water contained in the accumulator at any instant 
during discharge be IF lb., so that the weight of steam removed between 
the commencement of discharge and this instant is (lFi~ W) lb. If now 
the pressure drops still more, due to the removal of the additional very 
small amount d{W-^ - W) ~ -dW, the heat required to form this weight 
of steam is - LdTF. 

The temperature of the whole accumulator drops by the amount dt 
due to this heat removal, and the liquid heat per pound of accumulator 
water drops by dh, or by Wdh, for the total contents. 

This gives 

LdW = Wdh 


or 


dW 

'W ^ L 


. (565) 


For a small measurable pressure drop Ap, therefore, 
W ^ L 
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hence, for Ai = 1 and A/i = 1, 

NW _ I 

” L 


Since L ranges from 750 to 1,000 B.Th.U./lb., the weight of water 

for a temperature drop of F. ranges from - - to of the total 

accumulator water. 

Integrating equation (565) gives 



^dh 

L 


(566) 


By plotting the values i to a base of liquid heats h, the value of — 

is represented by a narrow strip below the resulting curve. The area 

W 

between the ordinates at \ and li gives the value log^, If this area be 

1 

expressed as the product of a mean height --- - and the length /q ~ then 


, W h,-h 

log. -W ==- -JT • 


SO that 


w, 

w 


i-h 


— e~ 


W, 

With h = Jiq at the end of discharge, 


(567) 

(568) 


hi - ho 


W'o == W,e-L-„ 


(569) 


Now it would be expected that at the end of discharge the weight of 
water contained in the accumulator would be the same as at the beginning 
of charging period, as given by equation (561), i.e. 





■ (570) 


Hence, W'q should equal Wq. 

From equations (569) and (570), however, these weights are not equal, 
and their ratio is 


111 — Kq 


W, 


hi - ho 
C 


Since the exponent of e = 2*72 is a relatively small fraction, e.g. 
with q - 35^ = 100 and = 800, 


T7 -8’ 
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it is sufficient to take, say, the first three terms of the series 


or 


= 

where x = 


1 + X + J + 



from which 


TTo 

Wo 


1 -f- 


1 + 
hi — Aq 


~ ^0 



For smaller pressure drops, the series can be stopped at the second 
term, giving 


Tf'o 

Wo 


1 + 


1 + 


hi — Jiq 

h 


Since L rises as the pressure drops, 


Zlo 


> 1 


i.e. at the end of discharge there is more water in the accumulator than 
at the commencement of charging. This is caused by the fact that the 
latent heat of the supplied steam is smaller, due to its higher pressure, 
than the mean latent heat during discharge, which occurs with dropping 
pressure. 

The available work AA^ per pound of accumulator steam before 
charging can be determined from the H(f> diagram when Pi, t, and the 
back pressure known. During discharge the steam pressure drops 

and the available work per pound of steam decreases until, at the lowest 
permissible accumulator pressure po^ amounts to AAq. The available 
work of the discharged steam follows from 

dE = AA X dW 


by plotting AA to a base of W values and then determining the mean 
height between the initial and final states. 

With initially superheated steam, the available work in the super- 
heated state has to be compared with that in the saturated state, since 
the accumulator can deliver only saturated steam. This causes the 
available work to be still further reduced, and an additional disadvantage 
arises on account of the continuously decreasing pressure of the steam 
leaving the accumulator and operating in a steam turbine, the thermal 
efficiency of which is thereby decreased. These conditions have to be 
considered in a plant used purely for generating power ; they do not arise 
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in heating plants. In combined heating and power units they may be 
avoided by a suitable switching arrangement. 

Constant pressure accumulator. In the constant pressure accumulator, 
the accumulator water is used as feed water for the boiler and not, as in 
the case of Ruth’s accumulator, for the direct generation of steam. The 
heating of the accumulator water up to the saturation temperature can 
either be effected by means of heat supplied to the boiler, which is con- 
nected to the accumulator (Kiesselbach accumulator), or by heat supplied 
to the accumulator by excess steam, which condenses on coming in 
contact with the cold feed water (steam accumulator). Fig. 290 shows 
the arrangement of the Kiesselbach accumulator. The accumulator A ^ 

lies lower than the boiler, and 
its steam space is kept in free 
communication with the boiler 
steam space by the pipe ef ; its 
water level is maintained con- 
stant by the overflow pipe ab 
from the boiler, to which it is 
again returned by the pump 
P. In addition, the feed pump 
S supplies cold feed water (or 
warm feed preheated in an 
economizer) to the boiler. 
When the demand for steam is 
small, the feed pump supplies 
a large quantity of cold water 
to the boiler, where it is heated 
to the boiling point and passed 
over to the accumulator by 
means of the pipe ab. This pro- 
cess corresponds exactly to the supply of feed water to a large water space 
boiler, during a period of reduced steam demand, and assists in cutting 
down the amount of steam generated. In the Kiesselbach accumulator, 
the water space can be increased by means of the accumulator volume. 
When the demand for steam increases the feed pump is stopped and the 
feed water for the boiler comes entirely from the accumulator, whereby, 
with the same rate of firing, the amount of steam generated is considerably 
increased. In this way a uniform rate of firing can be maintained, even 
with large variations in the steam demands. 

Displacer accumulator. The arrangement is shown in Fig. 291. The 
vertical accumulator, in which the water level is maintained constant, 
contains a steam space above, in which the excess steam, coming from 
the boiler, is condensed by the colder feed water (preheated in the 
economizer), so that water at the saturated temperature and at the 
boiler pressure is present in the upper part of the accumulator. For very 
high boiler pressures (e.g. 1,500 Ib./in,^ abs.) the steam, before entering 
the accumulator, is throttled to a lower pressure (e.g. 3001b./in.^ abs.). 
The accumulator is only completely filled with hot water when it is fully 
charged. When partially charged, more or less of the lower part of the 
accumulator space is filled with cold water, although a special movable 
separating wall between the upper hot water and the lower cold water is 
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not required on account of the difference in density of the water, and on 
account of the poor conductivity of water. With a normal steam con- 
sumption, as much preheated feed water is pumped by the feed pump I 
and auxiliary pump into the mixing space of the accumulator as is 
required to maintain the normal steam supply, and as much steam 
injected as can be converted to 
boiling water at the boiler tem- 
perature by this weight of pre- 
heated feed water. The hot 
water, leaving the accumulator, 
is pumped continuously to the 
boiler by the feed pump II. 

When the steam consumption is 
reduced below normal and the 
rate of firing remains unchanged, 
the weight of steam generated 
in the boiler is, of course, un- 
changed. But the accumulator 
now receives more of this steam, 
while less passes to the engine 
or heater. In order to condense 
the larger steam weight in the 
accumulator, the auxiliary pump 
withdraws cold water from the 
lower part of the accumulator 
and transfers it to the mixing 
space, where it condenses the 
excess steam, and is itself heated 
to the boiling temperature. This 
causes the surface separating 
the hot and cold water in the 
accumulator to be lowered and the accumulator gradually becomes 
entirely filled with hot water and the charging process is completed. 

Discharge occurs when the steam demand increases above the normal, 
so that less steam enters the mixing space of the accumulator, and hence 
less spray water is injected. The boiler is then fed solely by the feed 
pump II, which draws hot water from the accumulator. The feed pump I 
must, at the same time, deliver a weight of cold water to the lower part 
of the accumulator equal to the weight of hot water removed from the 
accumulator. In this way the separating surface in the accumulator rises 
and the accumulator itself gradually fills with colder water. 

The arrangement therefore permits, within certain limits, of a steady 
rate of steam generation and firing. No loss in the available work of the 
steam accompanies this type of accumulator. 

REFRIGERATION AND HEAT PUMPS 

Fundamental principles. In order to lower the temperature of a solid, 
liquid, or gaseous body weighing IF lb. by F., the heat c (specific heat) 
for each degree drop in temperature, and for each pound of the substance 
must be withdrawn, so that the total heat withdrawn is Wet. 
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In order to change a substance from the liquid to the solid state, 
considerably greater quantities of heat have to be removed after cooling 
down to the freezing point. The same holds in changing the substance 
from the vapour to the liquid state. In spite of the very large quantity 
of heat removed during such changes of state, the temperature remains 
constant until the last particle has assumed the new state. 

Thus, in order to change 1 lb. of water at 32° F. to ice at 32° F., the 
heat withdrawn (or the cooling effect) amounts to about 144 B.Th.U. 
Hence, to change 1 lb. of water at f F. to ice at t-^ F. the heat which has 
to be removed is Q == {t- 32) + 144 + 0*5 (32 - i.e. [t - 32) B.Th.U. 
in cooling from t to 32° F., 144 B.Th.U. to withdraw the latent heat of 
fusion, and 0*5 (32 -i) B.Th.U. in cooling the ice from 32° F. to F., 
since the specific heat of ice is 0-5 B.Th.U./lb. In practice, the round 
figure 200 B.Th.U., in which an allowance is made for probable losses, 
can be used tentatively for water at 70° F. and ice at 20° F. The theo- 
retical quantity which must be removed is 38 + 144 + 0*5 X 12 = 188 
B.Th.U. . 

The cooling of solid and liquid substances is effected by conducting 
the heat contained in these bodies to colder bodies. In this way the 
colder body B is heated by the warmer body A. Thus in the artificial 
manufacture of ice the brine {B) cooled below 32° F. takes up heat from 
the water (.4) which has to be frozen, and is thus increased in temperature. 
The water, or mixture of water and ice, on the other hand, maintains 
the steady temperature of 32° F., in spite of the rapid removal of heat, 
until all the water has been converted to ice. Thereafter, the ice tem- 
perature drops until it is almost equal to that of the brine. The heated 
brine has to be continuously removed and replaced by fresh cold brine. 

The brine itself is brought to the low temperature by means of a still 
colder substance C (i.e. the working substance) to which its heat 
is transferred by conduction, and the warmer brine, coming from 
the refrigerating chamber, gives up heat continuously to the working 
substance. 

The real refrigerating process is carried out by maintaining this 
substance {C) at a sufficiently low temperature. 

Since there are no available colder substances in the surroundings, 
the heat in the working substance and the heat taken up by it from the 
brine camiot be removed merely by conduction, so that some other 
process has to be adopted. 

Gases and vapours form convenient working substances, since they 
can be cooled by converting part of their internal energy to mechanical 
work, as opposed to the impracticable case of cooling by conduction. 
The work can either, as in the case of gases, be delivered externally, or, 
as in the case of vapours, be utilized internally (i.e. for evaporation). 

Worldng substances now used in refrigeration are the vapours of 
ammonia (NHg), carbon dioxide (COg), and sulphur dioxide (SO 2 ), and, 
more recently, methyl chloride (CH3CI) and steam (H^O). 

When gases are used the necessary low temperatures are only attained 
by allowing the previously compressed gas (air) to expand adiabatically 
and deliver work in a cylinder. Wet vapours, on the other hand, attain 
these low temperatures merely by being throttled from the high to the 
low pressure, and thus dispense with the expansion cylinder. This means, 
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of course, that the expansion work which might be used in assisting to 
drive the compressor is lost. This, however, is relatively unimportant, 
since the high pressure vapour has always sufficient heat extracted from 
it to reduce it completely to the liquid state. 

After throttling, the liquid is mixed with vapour, but it is only the 
liquid portion of the mixture which is capable of absorbing heat. While 
taking up heat from the substance to be cooled, this liquid evaporates 



and maintains its temperature constant until it is completely evaporated. 
The absorption of heat or refrigerating effect then stops. 

Hence, in the case of vapours, the latent heat has an important 
influence on the refrigerating effect, while, for gases, the specific heat c 
is of importance. 

Single stage vapour compression machine. The compressor draws in 
almost dry ammonia vapour (or SOg or COg) and compresses it to a 
temperature such that the available cooling water (say between 40 and 
70° F.) is capable of reducing it to liquid, while the pressure remains 
constant. Hence, as shown in Fig. 220, for cooling water at 60° F. the 
upper pressure limit should be 106 Ib./in.^ abs. The condensation of the 
vapour is not effected in the cylinder itself but in a coil (or in a system of 
coils), as shown on the right of Fig. 292. The coil is either immersed in 
a vessel through which cooling water flows or is open to the air and 
sprayed with water. 

The liquid ammonia now flows from the condenser through a hand- 
operated valve (regulating or throttling valve) into a second coil con- 
nected to the suction pipe of the compressor, so that the pressure in this 
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coil is equal to the suction pressure. This pressure is conditioned by the 
temperature in the second coil, and this temperature in turn is conditioned 
by the requirements of the refrigerating process, i.e. it is predetermined. 
For machines which are used for cooling rooms or making ice, it ranges 
from 20 to 10° F. (Normal values of the brine and cooling water have 
been marked in Fig. 292.) Hence, for ammonia, the suction pressure 
obtained by throttling is about 40 Ib./in.^ abs. 

It is in the second coil that the actual refrigerating process occurs. 
This coil is immersed in a vessel through which brine flows, and this 
brine gives up part of its heat to the ammonia flowing through the coil. 
The ammonia evaporates at constant temperature, while the brine, due 
to the removal of heat, drops in temperature from about 28° F. to about 
23° F. The brine chamber, with evaporator coil, is called the “ refrigera- 
tor ” or “ evaporator.” 

The cold brine is then used for its particular duty (such as the pro- 
duction of ice, cooling of rooms, chilling, etc.) by taking up heat from 
the substance to be cooled, so that its temperature is increased to 28° F. 
It then returns to the brine tank at this temperature and is again cooled. 
The vaporized ammonia is again compressed, condensed, and throttled, 
so that it also can be re-used in the brine tank as the refrigerating agent. 

The process is illustrated diagrammatically in Fig. 292. It commences 
at the point where the almost dry ammonia vapour leaves the brine tank 
at the pressure p 2 the temperature The vapour is drawn into the 
cylinder during the suction stroke and is compressed and discharged on 
the return stroke. It then flows, as superheated vapour at the pressure 
Pi, to the condenser, where it is reduced to liquid ammonia at the tem- 
perature corresponding to the pressure In some cases the liquid is 
cooled below and is then said to be undercooled. The liquid then 
proceeds through the regulating valve to the brine tank. Its pressure is 
reduced by throttling to pg temperat\ire to (i.e. the saturation 

temperature corresponding to and a small fraction of the liquid is 
evaporated. The brine entering at 28° F. serves to evaporate the ammonia 
and is thus cooled sufficiently to enable it to be used as a cooling agent. 

The work required, neglecting frictional losses, is given by the indicator 
diagram of the compressor. 

The compressor draws in vapour at Ib./in.^ abs. with a wetness 
fraction of about 5 per cent (line ab. Fig. 293). During the subsequent 
compression (line be) the vapour follows approximately the adiabatic law 

=z C 

in which for 

Ammonia y ~ 1*30 
Carbon dioxide y = 1*30 
Sulphur dioxide y == 1-25 

In these it has been assumed that compression occurs in the superheat 
field, i.e. that the vapour is almost dry at the beginning of compression. 

If the condition of the vapour approaches the critical state, as occurs 
with CO 2 , the adiabatic law of compression deviates considerably from 
=z C. 
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The indicated work of compression (suction, compression, discharge) is, 
as given in previous cases. 


E 


y 


1 






-- 1 


Fig. 294 shows the indicator diagram of an ammonia compressor. 
The suction temperature is about 15® F., corresponding to the suction 
pressure of 42 Ib./in.^ abs. The temperature of the ammonia at the end 
of compression is, due to superheat, higher than 74® F., which is the 



temperature corresponding to the pressure of 140 abs. (measured 

temperature in discharge pipe 98® F.). 

The condenser temperature is about 70® F. when the actual pressure 
at the end of discharge is 130 Ib./in.^ abs. 

The exponents of the compression line found by drawing tangents at 
two points are 1-29 and 1-33. 

Refrigerating effect per pound of working substance. The heat taken 
up by the liquid from the brine in the evaporator is called the refrigerating 
effect. It is determined when the initial and final qualities of the vapour 
in the evaporator are known. 

The initial state in the evaporator is the same as the final state after 
throttling, and this can be calculated from the state before throttling, 
if the pressures and pg before and after throttling are known. Since 
the total heat in these two states is the same, we have 


— ^2 ^2-^2 

provided the liquid before throttling is not undercooled. 

mi • * — ^^2 

This gives go = 

L2 

For given values of Pi and pg the required quantities are found from 
tables, so that calculable. 

If the quality after evaporation is qa (about 0-95), the weight of 
liquid evaporated is 

= toa-gjlb. 
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The heat given up by the brine in effecting this change in quality is 

Qh = L^iqa - 12) 
and is the refrigerating effect. 

Inserting the value of gives 

Qjc — q a^2 - + ^2 

If it were possible to bring the liquid from the high to the low pressure 
without partial evaporation {q^ = 0), and if, in the evaporator, all the 
liquid were converted to vapour {q^ = 1), then Qj. = L^, i.e. the refrigerat- 
ing effect would equal the latent heat at the lower temperature limit. 
Actually, however, Q/c < -^2 case, {qa = 1) 

Qk — {hi — 

i.e. the refrigerating effect is less than the latent heat at the suction 
pressure by the difference of the upper and lower sensible heats. 

Since the refrigerating effect per pound of flow is B.Th.U., it 
follows that the weight of vapour required for a refrigerating effect of 

1 B.Th.U. is ^ lb. The stroke volume of the compressor is conditioned 
Ok 

by the volume of vapour drawn in during suction. If now is the 
volume of I lb. of dry vapour at the suction pressure ^2 (given by tables), 
the volume occupied by 1 lb. of vapour with q^ = 0*95 is 0-95t’2 ft.’^. 
Hence, for a refrigerating effect of 1 B.Th.U., the suction volume is 


If the refrigerating effect per hour is known this enables the volume 
dealt with per hour to be determined, and hence also the stroke volume 
(theoretically necessary) for a given number of rev./min. 

Comparison of NHg, SOg, and CO 2 machines. Using the equation 

= 0 - 95^2 

for the refrigerating effect per pound we have, with ti = 18°F. and 
= 68° F., from tables, 

For NHg Qj^ = 0-95 x 578 - (33*6 + 12-7) = 502V B.Th.U./lb. 

For SO2 = 0*95 X 167*5- (12-0 + 4*6) = 142*4 B.Th.U./lb. 

For CO2 = 0*95 X 109 - (23*1 + 7*5) = 73*4 B.Th.U./lb. 

The greatest refrigerating effect for the same weight of vapour is 

thus obtained when using ammonia. 

For the same speed and the same refrigerating effect the ratio of the 

stroke volumes is given by -A . These are (for the temperature limits 
used above) — Ok 


For 

642 

1 


502-7 

78-3 

For SO 2 


1 


142-4 ~ 

29-2 

For CO, 

0-216 

1 


73-4 ~ 

340 
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The ratio of the stroke volumes is thus 

JL.JL._L 

78-3 ■ 29-2 ■ 340 

or as 4.34 (NH 3 ) : 11-6 (SO 2 ) : 1 (COj) 

Hence the smallest compressor is that using cai’bon dioxide, while the 
largest is that using sulphur dioxide. 

The upper and lower pressure limits for the temperatures assumed 
above are — 

WithNHg/ij ™ 125 jJo 45*5 Ib./inJ abs. 

With SO 2 — 47*5 2^'i. ~ Ib./hiJ abs. 

With CO 2 p^ = 825 ;>o - 408 Ib./inJ abs. 


Hence by far the highest pressures are required in the COg machine, 
while the SO 2 machine operates with the lowest pressures. 

Refrigerating effect per horse-power hour. The important quantity in 
determining the economy of a refrigerating plant is the power required for 
a given refrigerating effect. In place of the power required to effect a given 
refrigeration, it is now customary to give the refrigeration effect produced 
by 1 h.p. acting for an hour. Thus if Q is the total refrigeration effect 
for 1 hour, and N i is the indicated compressor power, this quantity is 
given by QjN^.^ 

The theoretical work of compression per pound of vapour is 


E 





-1 


ft. lb. 


The theoretical refrigerating effect obtained with this work is 
Qjc -gA~(^'i-/yB.Th.U. 

The refrigerating effect obtained with 1 ft. lb. is thus 

Jcj 

Since 1 h.p. hour = 550 X 3600 ft. lb., the refrigerating effect from 
this work is 

550 X 3600 ^ B,Th,U,/h.p. hour. 


This is the required value QjN^. Inserting the values for Qj, and E 
gives 

= 550 X 3600 

Ni 


y-1 






Taking tbe conditions in the examples above, we have, for NH^ with 

jPi = 144 X 125, = 144 X 46.5, = 0.05 x 6.42 ft.’/lb. 

1.3 r/125\o.23i I 

E = ^ X 144 X 45.5 X 0-95 X 6‘42 I ( |g:gj ” M 46,000 ft. Ib./lb. 
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for SO 2 


E = ^ X 144 X 16-2 X 0-95 x 4-87 

O'-iiO 1 

r/47-5Y-200 - 

Lvi6-V 

I 12,960 ft. Ib./lb. 

and for CO 2 



JS = X 144 X 408 X 0-95 x 0-216 

r/825\0-231 ^ 

l\m) “'J 

= 9,810 ft. Ib./lb. 

These give, with the above values of for 


NH 3 SO 2 

C 02 


4- = 21,630 21,800 

15,600 



Other values of the upper and lower temperature limits give other 
refrigerating effects. The upper limit is conditioned by the cooling water, 
while the lower limit depends on the duty of the refrigerator. The 
assumed values of 68° F. and 18° F. may be regarded as mean values. 

The values calculated for COg are not so reliable as the others, since 
the CO 2 vapour is near the critical state. Under the conditions stated 
above, the CO 2 machine shows the smallest refrigerating effect. 

The refrigerating effect actually attained, or attainable, in practice is 
less than the theoretical. Thus, under favourable conditions, the ammonia 
machine shows a value of 18,000 B.Th.U./h.p. hour. 

When efficient machines, using different vapours, are compared it is 
found that the refrigerating effect does not vary greatly, but other factors 
have to be taken into account when the relative merits are considered. 

The most important causes which render the practical refrigerating 
effect less than the theoretical are as follows — 

1. The unavoidable temperature difference between the working sub- 
stance and the cooling water, and also the brine. 

2. Valve resistances. These are shown by deviations from the ideal 
indicator diagram. 

3. Leaks at the piston and valves. 

4. Losses by heat conduction and radiation. 

On account of frictional losses at the working parts the power required 
is higher than that shown by the indicator. The mechanical efficiency 
lies between 0-85 and 0-95. 

Undercooling. The vapour temperature in the condenser cannot be less 
than that of the supply water. On the other hand, the liquefied ammonia 
(or SO 2 or CO 2 ) can be cooled below the saturation temperature, corre- 
sponding to the vapour pressure in the condenser. The temperature t\ 
to which the liquid can be cooled cannot, of course, be less than the 
lowest temperature of the cooling water. The undercooling h-t'i is in 
this way not greatly different from the water temperature difference. 

In the examples given above it has been assumed that no undercooling 
occurs, so that the refrigerating effect is given by 

Qh ~ (^”-^ 2 ) 

where \ is the liquid heat corresponding to the upper vapour pressure. 
Actually, however, this heat may be smaller by the amount 

giving h\ = 
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in which c is the specific heat of the liquid under the condenser pressure. 
This, then, gives, for the refrigerating efiect, 

Qk — 1 0^1 ~ (h 1~~ ^ 2 ) 

and is thus greater than without undercooling, so that an improvement 
is thus effected. 

In order to increase the undercooling, special coolers are also some- 
times used. The liquid leaving the condenser passes through a second 
coil before passing to the regulating valve. 

Liquid coolers have proved particularly useful in the case of CO 2 . 
machines, 

Eepresentation on the heat diagram. The process of refrigeration can 
be shown very clearly by means of the Tff) diagram (Fig. 295). Starting 



at the point B, which represents the state of the vapour at the beginning 
of compression, where the temperature is - 1^, the pressure 
quality (almost dry), adiabatic compression is represented by BG, at 
the end of which the vapour is superheated to the temperature If the 
vapour is dry at the beginning of compression (point Bi), the temperature 
^3 after compression is still higher. In the cooler the vapour is first 
brought to the saturation limit curve at 0, as shown by CQ. A further 
abstraction of heat results in condensation at constant pressure Pi, 
line GD. At D the vapour is completely liquefied at the saturation state. 
Further cooling (undercooling) follows the liquid limit curve very closely, 
and leads, to D' at the temperature which is only slightly higher than 
the cooling water temperature. The cooled liquid is now throttled, as 
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showa by the curve DA-^ (or with undercooling D'A'-^, and proceeds to 
the evaporator with the quality (or q' 2 )i or wetness fraction 1 ~ ^2 
(or 1 - ^' 2 )- ensuing evaporation the heat Q;. == (1 - (given 

by the area below A^B) is taken up by the liquid. It represents the 
refrigerating effect. With undercooling, the refrigerating effect is shown 
by the larger area below A\B. The work of suction, compression and 
discharge is represented by the area BCGDAB, which equals the difference 



in total heats between the points C and B. {AE = H^-H^, page 450.) 
The heat removed by the cooling water is given by the area CGDMN, 
Compound refrigerators. The refrigerating effect per pound of vapour 
is decreased if the lower temperature of the process be reduced, or if the 
upper temperature be increased, since these effects increase the dryness 
fraction q^ of the throttled liquid, whereby the refrigerating effect, which 
depends on (1 -q^, is reduced. In addition, the adiabatic compression 
temperature is increased and the work of compression, if carried out in 
one st^ge, becomes too high. As shown on page 333, the same com- 
pression pressure can be obtained with a smaller expenditure of work if 
compression be carried out in two or more stages. The process with 
two stage compression, using GOg, is shown to scale in Pig. 296. There 
are two cases shown, one with single stage and the other with two stage 
throttling. 
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Single stage throttling. B is the state of the COg at the beginning of 
compression and is approximately dry at - 40° F. and 140 Ib./in.^ abs. 
This substance is now compressed adiabatically (line BC) to 425 Ib./in.^ abs. 
and 63° F. Now before this superheated vapour is drawn into the second 
stage compressor, it must be cooled down to about 21° F. (the saturation 
temperature corresponding to 425° F.). This is not possible with an 
available water temperature of 50° F. Hence either the compression 
pressure in the first stage would have to be increased or the cooling 
carried down to 50° F. only. These expedients, however*, increase the 
work of compression, so that most of the advantage of the two stage 
arrangement is lost. On the other hand, some of the low temperature 
brine might be used as a cooling agent in place of the available water, 
but this reduces the refrigerating effect. Assuming that the superheated 
vapour in the first stage were cooled to I) (the saturation point), it could 
be drawn into the second cylinder and compressed adiabatically to 
850 Ib./in.^ abs. (line DE). The compression temperature rises to 111° F. 
The vapour then proceeds to the cooler or condenser, whei’e it is com- 
pletely liquefied at about 68° F. (point (f). Thereafter the liquid at 
850 lb./in.‘^ is throttled and passes to the evaporator at a pressure of 
140 lb./in.‘^ abs. The ([uality at entrance to the eva])orator is = 0*47, 
and the useful I'cfrigerating effect is given by tlie area below AB, or 
approximately, The work done is given by the area 

BGDEORB, 

Two stage throttling. In the two stage throttling arrangement, hrst 
applied by Linde,"*' an intei*mediate receiver is fitted, into which the 
vapour from the low pressure cylinder and throttled high pressure li([uid 
enter. This cools the vapour from the low pressure cylinder to the 
saturation temperature without the use of cooling water, so that com- 
pression of the vapour, drawn from the receiver, now follows the line 
DE in the high pressure cylinder. 

The weight of liquid in the receiver, after the first throttling GA\ is 
1 - = 0*69, and this liquid is passed from the receiver through a second 

throttle valve to the evaporator, where its quality on entering is q' 2 , = 0*22, 
giving a liquid content of 1 -x'^, == 0*78. This liquid takes up the heat 
(1 - q'2)L2 per pound in the evaporator, but, since its actual weight is 
(1 - lb., the refrigerating effect is 

(2, = (l-ai)(l-g',)4 

= 0-69 X 0-78 X ^2 = 0 * 538 X 2 

The refrigerating effect with single stage throttling is 


which is nearly the same as with two stage throttling. 

The compression work is given by the work done on 1 lb. in the 
second stage compression in compressing from pg to Pi (line DE), together 
with the first stage compression work E^, where the weight is only 
(1 ~ iTi) lb. (line BC). The value is represented by the area DEEOMD, 
while El is given by multiplying the area BGDMRB by 1 - The total 

^ Qeachichte der GfeselUchaft fur Lindes Eismachinen, Wiesbaden (1929), page 69, 



560 TECHNICAL THERMOD YNAMIC^ 

work of compression is thus considerably less than in the single stage 
process. 

Using an ammonia machine, operating on this process, Linde succeeded, 
in 1898, in maintaining a temperature of - 49° F., while, in 1928, with a 
three stage machine, also using ammonia, the temperature produced 
was - 103° F. Compound machines have now been applied in separating 
gas mixtures at low temperatures, and they also prove of use on ships 
plying in the tropics, where the sea water temperature is high. 

Three stage compression plants have been used to produce solid 
carbon dioxide, but so far with only one throttling stage. The carbon 
dioxide snow is produced by throttling liquid carbon dioxide from 925 
Ib./in.^ abs. (+ 77° F.) to 151b./in.^ whereby the temperature drops to 
~110°F. and about 25 per cent of the liquid is converted to snow. 
[of. page 437, Fig. 231.) According to Plank, the yield of snow with 
multistage throttling would be 34 per cent, which could be raised to 40 per 
cent if use were made of the cold COg vapour formed along with the snow. 

Tables and diagrams. Values of the properties of sutetances used in 
refrigeration processes, together with useful information on testing refrig- 
erators, will be found in Begeln fur Leistungsversuche an Kdltemaschinen 
und Kuhlanlagen nebst Erlduterungen, Tabellen und Diagramrneri. (Rules 
for Testing Refrigerators and Cold Storage Plants along with Explana- 
tions, Tables, and Diagrams.) The following tables for NHg, SOg, COg, and 
CH3CI are contained in the Appendix of this work — Vapour properties for 
saturated vapour, theoretical refrigeration effect in K cal. per meter® and 
also per h.p. hour. Tables of the properties of solutions (brine) of sodium 
chloride, magnesium chloride, and calcium chloride. The following dia- 
grams are also given. Three Hp diagrams for ammonia, sulphur 
dioxide, and methylchloride, with logarithmic pressure scale. An Hp 
diagram for carbon dioxide (by Plank-Kuprianoff), and the large diagram 
by the Bureau of Standards showing the properties of ammonia with 
log p as ordinates and H as abscissae, and containing lines of constant 
volume, constant quality, and constant entropy. 

Water vapour refrigeration. Water can be \ised for refrigerating pro- 
cesses in the same way as the other substances NH^, SO^, and COg already 
discussed. The difficulty of the freezing of water at 32° F. can be over- 
come by adding a salt such as NaCl, and this does not greatly alter the 
other properties of the water. The special properties of water vapour, 
however, make its application to refrigerating processes particularly 
difficult, and it is only within recent times that practicable refrigerators, 
using water only, have been constructed. 

The latent heat of water, which is of importance in determining the 
refrigerating effect, is i = 1070*6 B.Th.U./lb. at 32° F. At lower tem- 
peratures L is still higher, and the mean value L = 1080 may be used 
in tentative calculations. If it be assumed that evaporation occurs at 
18° F., that the quality after evaporation is 0*95, and that the water 
leaves the condenser at 70° F., the refrigerating effect, per pound of 
water, is approximately (page 553) 

= 0-95 X 1080 -(70- 18) 

= 974 B.Th.U./lb. 

and is thus almost twice as large as that of 1 lb. of ammonia. 
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The volume of 1 lb. of dry Hatiiratod steam a,fc W' F. is 6210 ft.^ 
(= Vg), The ratio which gives the suction volume per 1 B.Th.U. 

refrigerating effect, is thus (for dry vapour) 


_ 6210 _ 1 
Qj, 974 0157 


The corresponding value for ammonia (page 554) is 


74 ^ 

0-157 


78-3 


which is 


473 times smaller. Hence, for the same refrigerating effect, a 


reciprocating compressor for the water vapour machine would have to 
have a volume 473 times greater than that of a machine using ammonia. 
This, therefore, rules out the ])ossibility of using a reciprocating com- 
pressor when the working substance is water vapour. In place of the 
mechanical compi-ession, efforts were previously made to absorb the 
vapour coming from the evaporator by means of sulphur dioxide, but, 
in doing this, the chief advantage (i.e. using water alone) was lost. One 
practicable method of compressing the cold vapour, however, is to use 
a steam jet with steam at any convenient pressure, or waste 

steam at atmospheric x)i’essure. This x)rocess was successfully carried out 
by Josse and Gensecke.* 

The pressure of the cold vapour, namely, 0*18"' Hg at 32^ F. and 
0-098'' Hg at 18° F., necessitates the establishment of high vacua, in 
place of the super atmospheric pressures employed in other vapour com- 
pression machines. The result is that air tends to leak into the system, 
on account of faulty joints and because of the air held in solution in the 
water. This air has to be withdrawn continuously from the evaporator, 
compressed, and discharged to the condenser, from whence it is removed 
to the atmosphere by a water jet pump. The extra work done by this 
jet pump is not required in the case of other vapour machines. 

The diagrammatic arrangement shown in Fig. 297 will serve to show 
how the various organs operate. It consists of an evaporator A (similar 
to those employed in other vapour machines) in which the refrigeration is 
effected, and of a condenser B in which the vapour coming from A is 
condensed. The compression of this vapour, from the low pressure 
existing in A, to the higher pressure existing in B, is effected by means of 
a steam jet pump C. The discharge of the condensate and air from the 
condenser to the atmosphere is carried out by the water jet pump D, the 
water of which also serves as cooling water in the condenser. 

The machine is started up as follows : A low pressure must first be 
established in B and A by the action of the jet pump D, after which the 
jet pumx^ G is started so as to reduce the pressure still further in A. If 
the water in A has an initial temperature of 60° F. it would commence to 
boil when the pressure drops to 0-256 Ib./in.^ abs. At this stage the brine 
(the cooling of which is the main function of the process) can be circulated 
over the evaporator coils. . This brine supplies the heat necessary to 
evaporate the water and is thus cooled. At the same time the evaporating 
water, and the water vapour formed, become colder and colder. If it is 
possible to lower the pressure in A to 0*0486 Ib./in.^ abs., and to maintain 


* Z.V.dJ, ( 1911 ) ; Z. des Kdlteind ( 1911 ); Z, ges Turb. wesen ( 1913 ); JEJia-u- 
Kdlteindustrie ( 1915 ). 

37-~(57I4) 
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this by means of “the jet pump, the water and vapour temperatiij*e can he 
lowered to 18° F., provided no air enters A. 

The vapour withdrawn from A proceeds to the condenser B, where 
it is condensed by cooling water flowing over the tubes.* If the teni- 


Sfeam Expansion Evopopafon 



perature of the condensate, which collects at the bottom, is 70° F., the 
condenser pressure is 0*367 Ih./in.^ abs., biit if any air is present’ this 
pressure will be higher. Hence the steam jet pump has to comj)ress and 
discharge the cold vapour from 0*0486 Ib./in;- abs. to 0*367 Ib./in;- abs. 
(or more). 

This enables the theoretical minimum work to be found under air- 
free conditions. Thus, let the condenser pressure be and let the 
pressure and specific volume in the evaporator be and -rg, then the 
compression work is (page 555) 

E = -~--v^>Vo r ^ - ll ft. lb. . . , (571) 

* In the practical arrangement the cooling water generally flows through the 
tubes. 
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The I'efrigeratliig ell'ect is given closely by (page 554) 


Qk - (III - h-d (572) 

where qa is the quality of the water vapour as it leaves the brine tank. 

The refrigerating effect per horse-power hour follows from equations 
(571) and (572), as shown on page 555, giving 


1 

AT 


1,980,000 




(573) 


This value is directly comparable with the values of QJN ^ obtained 
on page 556 for NH-j, iSO^, and (IO2. Taking the temperatures in the 
evaporator and condeiivser as given above, and assuming y =-- 1*3, we have 


With (2/, 



97 4 wo have 


X 144 X 0-0486 X 0-95 X 6210 



-106,200 ft. lb. 


Q _ 1,980,000 X 974 

Wi “■ T()6b200 


18,740 B.Th.U./h.p. hour 


This value is about 13 per cent less than that given by (21,630) 
and SO2, but about 20 per cent greater than for 002 between the same 
temperature limits. Theoretically, therefore, water shows no great dis- 
advantage as compared with NH3 and SOo. But it must be remembered 
that, even if no air is present in the evaporator, the presence of air ixi the 
condenser is unavoidable, since the operating steam in the jet pump 
always carries some air with it. The removal of this air from the con- 
denser involves additional work, which is not required in other vapour 
machines. Tlie treatment of the not unimportant effect of the presence 
of air in the evaporator is too involved, however, to be dealt with in this 
text. It is not absolutely essential that the condensate in the condenser 
should be passed over to the evaporator through the throttle valve, as is 
the case in machines using other vapours. The supply to the evaporator 
can come from the main, which is colder than the condensate. Under- 
cooling, with its accompanying gain, is thus automatical^ obtained, but 
the air content of the fresh water is higher, so that additional pumping 
work is necessary. 

The efficiency of a steam jet pump is considerably lower than that of 
the NH3 reciprocating pump, but this disadvantage is of no account when 
cheap waste steam is available. 

The following are the results obtained from a machine designed by 
Josse and Gensecke*" — 

236, OOO B.Th.IT. per hour refrigerating effect. 

890 lb. of steam used per hour at 14 Ib./in.^ abs. 

27-9° F. entering temperature of brine at brine tank. 

23-5° P. leaving temperature of brine at brine tank. 

9*1 h.p. required to operate the two electric motors used in driving 
the brine and circulating water pumps. 

* Ms und Kdlteindustrie (1915), page 9. Stetefeld. Neuere Ausfiihrung der 
Wasserdampfstrahlkaltemaschine. 
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An attempt is now being made to carry out the process in two stages, 
so as to increase the efficiency. 

The heat pump. In the application of heating processes, such as the 
heating of buildings, supplying of hot water, evaporation and distillation 
of liquids, evaporation of solutions and the drying of solid substances, 
the heat used must be at a higher temperature than that (f.^) of the 
surroundings. There are two totally different methods of raising heat to 
a higher temperature. The first and earliest known method consists in 
the application of those chemical reactions, usually combustion processes, 
which are accompanied by the evolution of heat at high temperatures. 
The second process, which has only recently been applied in practice, is 
based on the property of gases and vapours of becoming heated when 
compressed. As shown on page 108, the temperature of a gas increases 
when compressed without giving up or receiving heat from to in 
the ratio 

ir = ^ with y = 14 


Thus, with 

Lk = 1-2 1-5 2 3 8 12 30 

3^0 

= 1-054 M23 1-220 1-369 1-866 2-034 2-642 

and with == 70® E. or Tq = 530, 

== 29 65 116 195 458 549 871 ° F. 

If saturated steam be compressed in such a way that it remains 
saturated, its temperature increases with pressure in accordance with 
the steam tables, e.g. starting with steam at 212° F. and 14-7 Ib./in.^ abs. 
and compressing to 


Pi = 

1-2 X 14-7 

1-5 X 14-7 

2 X 14-7 

3 X 14-7 

8 X 14-7 ; 

22 X 14-7 

30 X 14-7 

gives 








L = 

219-6 

231-3 

247-3 

271-2 

337-3 

368-H 

451-2° F. 

or 









7-6 

19-3 

35-3 

59-2 

125-3 

156-8 

239-2°F. 


Now when gases or vapours are compressed, mechanical work 
must be supplied, and this mechanical work, which is transformed to 
internal energy in the compressed substance, is the real cause of heating 
(page 106). This method, therefore, of producing heat at a higher tem- 
perature could be described as a mechanical generation of heat as opposed 
to the usual chemical generation of heat. 

Mechanical work could, of course, be used directly in generating heat. 
This occurs, for example, when solids are subjected to friction or impact, 
or when liquids or gases are set in turbulent motion. It is known that the 
generation in this way of 1 B.Th.U. requires an expenditure of 778 ft. lb. 
of mechanical energy, or, if the latter be expressed in heat units, 1 B.Th.U. 
of heat is obtained at the expense of 1 B.Th.U. of energy. This is the 
law of the conservation of energy (page 150). 
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Obviously this law also holds in the mechanical compression of 
so that it is impossible to obtain more than 1 B.Th.U. of heat 
from 1 B.Th.U. of mechanical work. But existing quantities of heat, 
such as heat contained in our surroundings, which are at a temperature 
of about 70° F., say, can be brought to a higher temperature, such as 
200° F. or 2000° F., without an accompanying change in energy, since 
the energy of 100 B.Th.U. of heat is the same whether this heat has a 
temperature of 70° F. and is contained, say, in 5 ft.^ of water or is at 
2000° F. and contained in hot gases. But, from the second law, it is 
impossible to bring an existing quantity of heat to a higher temperature 
without a definite expenditure of mechanical work. This expenditure 
increases with the temperature rise, in a similar manner to the increase 
of work necessary in a water ])ump when the head is increased, so that 
arrangements which raise existing quantities of heat from a lower to a 
higher temperature level are called '' heat pumps.’' The working process 
and necessary work of sucli heat pump, using air and saturated steam, 
will now be detei'mined. 

In using air or any other gas let I lb. at = 70° F. and = 14-7 
Ib./in.^ abs. be compressed adiabatically until the temperature rises to 
= 115° F. The pressure will then be 2h = Ib./in.^ abs. Heat can 
now be withdrawn at constant pressure from this warm air, the amount 

being -- , -- t^) - 0-24 x 45 = 10-8 B.Th.U. 

The work of compression amounts to (page 327) 

Ji\ =: 778 - g =- 778 X 10*8 ft. lb. 

or AB^ 10*8 B.Th.U. 


This shows that, witli an expenditure of 10*8 B.Th.U. of work, only 
10*8 B.Th.U. of heat have been obtained, and this agrees with the energy 
law. This result could have been obtained more simply by using a brake 
on the driving motor of the compressor, thus dispensing with the latter. 
But it should be noted that the cooled compressed air, which at 70° F. 
has still a pressure of 19-5 Ib./in.- abs., is capable of performing mechanical 
work, due to the excess pressure of 19*5 - 14-7 == 4*8 Ib./in.^ If this work 
be applied in assisting the compressor motor, the actual work required 
in compressing the air is now only or the complete external work 

required in operating the compressor, air motor, and driving motor 
arrangement, which is called the heat pump, E-^-E 2 . Hence, with an 
expenditure of only E ^ E-^~ E^it.lh,, or AE B.Th.U. of mechanical 
work, the same heat Q is obtained as previously, when no air motor was 
used. With an expenditure of 1 B.Th.U. of work, the heat quantity 


AE 


AE^ 

AE'j^-lE^ 


B.Th.U. 


is obtained. 

This value is always positive and greater than 1, since i/^ < It 
represents the quantity of useful heat delivered externally by the heat 
pump per 1 B.Th.U. of mechanical work done by the driving motor. 
We have now to consider why there is an excess of available heat over 
the heat equivalent of the mechanical work, and to find how much this 
excess amounts to. 
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The work E^ of the air motor with adiabatic expansion is smaller 
than that required at the compressor in the ratio TJTj, since the law of 
expansion is the same as that of compression, and the ])ressurc limits 
in the two cases are the same, while the initial volume of the compressed 
air in the motor is smaller than the volume at the end of compression in 
the compressor, the ratio of these two being TJTi, 

Hence 


while 

giving 

Also 


AE =:=AE,~AE,^ c^(T, ~ T, ■ 

-^= ^ ^ B.Th.U. 


AE^ Ty-To 

The excess heat gained for an expenditure of 1 B.Th.U. of work thus 
amounts to TqKT^ ~ T^,). 

With = 10 or Tq = 530, and with 

5 10 20 80 200 500 2000 ° K. 


10 

20 

80 

200 

500 

2000 ° K. 

54 

27-5 

7*63 

3*65 

2-06 

1-265 B.Th.U. 

53 

26-5 

8*63 

2-65 

1‘0{) 

•265 ]hTh.U. 


The quantities in the second row now give the total heat delivered 
with an expenditure of 1 B.Th.U. of work, and they exceed this work by 
the amounts given in the third row. The latter amounts, therefore, must 
have existed in the working air before compression, and have been 
“ raised ” from to i.e. from 70 to 75°, ‘80°, etc., by the heat pump. 

This will be clearer if the process in the air motor be considered. Due 
to the adiabatic expansion in this motor, a drop in tem])erature of the 
air from to some value t' occurs. This drop is obtained as follows ; 
The driving work of the air motor amounts to 

AE^ - c^(T^~r) B.Th.U. 

For the same work the expression found above gives 

AE, = c,^^[T.y-T,) 

Equating these two quantities gives 
T,-T' 


Hence, in the air motor the temperature drops below the outer 
temperature. With = 20, and with 

^ = 1-2 1-5 2 3 8 12 30 

we have 

= -I- 44 + 12 - 26 - 72 - 176 - 199 - 260° F. 
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The cold exhaust air from the motor must now take up the heat 
O 2 = before the process is repeated. This heat is supplied by 

the surroundings and represents the heat which is “ raised ” from to L. 
Its amount is, with the value for 


Q2 


(t ■ 

rri V ^ 1 
^ 1 


T,) and || = 


rp 
J n 


• T 

U n 


ISTo fundamental change is made in the above if, instead of heating 
the cold exhaust air and then supplying it to the compressor, an entirely 
new charge of air, already heated to is drawn from the inexhaustibly 
large store in the atmosphere and supplied to the compressor. The same 
quantity of heat would be carried into the compressor with this air 
as was previously supplied to the cold exhaust air in heating it to 
The only dilference is tliat the exha,ust air is heated by the atmosphere 
from t' to and an e<(ual mass of air already heated at some other place 
by the atmosphere is now drawn into the compressor. 

The quantities and N am related by the conservation of energy 

law as follows, 

Qi ~ (ik == ^ i 

as is also conlirmed by the relations given above. 

By writing this in the form 

Q, - + AP 

it will be seen immediately that the heat taken from the heated com- 
pressed air consists of the two parts (^2 AE, of which the first repre- 
sents the heat supplied by the s 11 r roundings, while the second represents 
the heat due to the driving work. The advantage of the process is based 
essentially, therefore, on the fact that the existing heat Q 2 sur- 

roundings has been brought to the higher temperature Combined with 
this, of course, there is the generation of heat AE at the same tem- 
perature, but with moderate heating tliis is a relatively small amount. 

Duo to frictional, temperature, and heat losses in the three machines, 
a considera,bly greater quantity of work is, of course, necessary than that 
represented above, in which all losses are neglected. 

When saturated steam is employed, the process is as follows : From a 
large hot- water container with steam space (boiler) let 1 lb. of dry 
saturated steam at //q® and pg Ib./in.^ abs. (e.g. at 212° F. and 14-7 Ib./in.^ 
abs.) be withdrawn and com])ressed top^L Ib./in.^ abs, (e.g. 20 Ib./in.^ ahs.), 
whereby its temperature (disregarding the slight superheat produced) is 
raised to the corresponding saturation value (= 227-8). The latent heat 
L (= 961-4 B.Th.U.) can now be withdrawn from this compressed steam 
without any accompanying change in pressure and temperature, so that 
it is converted to water at 55^ = 227*8° F. The liquid heat above 212° F. 
can also be withdrawn from this hot water, i.e. the heat ~~ to) (= 15-8 
B.Th.U.), or, if some other liquid be used, c (h - 1^) B.Th.tJ., where c is 
the specific heat of the liquid between the temperature and The total 
heat obtained from the compressed vapour is thus 

L + c{ti - ^o) 
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The expression for the work of compression of 1 lb. of vapour is the 
same as that used in the compression of air, namely, 


E = 


Y 

y-1 





in which y == 1-3 for initially dry saturated steam, since the steam 
becomes superheated when compressed. If, however, the steam is fairly 
wet initially, then y = 1*13. Tor a small pressure increase the work of 
compression can be taken as 

or, in heat units, AE = A Ap Vq, in which Vq is the mean specific volume 
between the initial and final states. A gain of work due to expansion, as 
occurs when air is used, is not practicable. Hence, with an expenditure 
of 1 B.Th.U. of mechanical work the heat gained is 


Qi 

AE ““ 


L + c{T^-T,) 
A Ap Vq 


B.Th.U. 


This value is easily calculated when the values L, and Vq are 


vapour 

1 , 


obtained from steam or 
Vq = 23*2 ft.^/lb. and c = 

_ (9614 + 15-8) 778 
AE “ 144 X 6*3 X 23-2 


tables. In the above example, with 


= 43 B.Th.U. 


This is made up of 1 B.Th.U. from the applied work and 42 B.Th.U. 
contained in the heat stored in the boiler. 

The expression for can be obtained approximately by making 


use of the Clapeyron-Clausius relation 


^ ^ AT 


Ap 

AT 


which holds for all vapours. This gives 


Xl L^JJ U 


T 


0 


so that, for small values of AT = Tl - Tq, 

Q Tq c Tq 

Tn-To'*' L 


For the above example, we thus have 


_ 212 + 460 
AB ~ 15-8 

By comparing the values of 


+ 

Qi 


212 + 460 


43-3 B.Th.U. 


961-4 

for steam and air it will 


be found 


that the heat gained in the two cases, for an expenditure of 1 B.Th.U. 
of work, is about the same, provided the temperatures are the same. 
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The values for steam at 147 Ib./in.^ abs. compared with air at the tem- 
perature (60“^ F.) of the surroundings are, however, higher for the same 
temperature difference, since the initial steam temperature is 460 -f- 212 
== 672° F. abs. against 460 + 60 = 520° F. abs. for air. The use of steam 
has the additional advantages that no expansion motor is required and 
much larger heat quantities are involved for the same size of compressor 
cylinder. The steam process shows clearly that, of the heat delivered 
by the heat pump, by far the larger portion must be supplied by an 
existing heat source, since each pound of steam drawn into the compressor 
must first be generated from hot water by supplying latent heat to it. 
Hence, as a means merely of generating steam, the process is useless, 
since practically no heat is thus saved and mechanical work has to be 
applied. But the heat pumj) operating with steam has lately been 
applied to evaporative processes in the chemical industries or to drying 
processes (c.g. such as are required in briquette factories), in which the 
considerable latent heats are regained, so that the saving of heat necessary 
for the processes is much reduced. On account of the higher temperature 
it is possible in these ])rocesses, or in the production of distilled water, 
to return the heat to the evaporating chamber. 

The heat pum]) can also be used for heating buildings by using the 
same vapours (SO.,, NHg) as are used in refrigerators, since these sub- 
stances evaporate at room temperatures, so that the heat necessary 
for the process, can })e taken from the surroundings, e.g. from cold water 
at 50-70° F. This heat is then raised by 90 to 110° P. by compression 
and is then applicable for heating purposes. Economy by this method of 
heating, as compared with the usual method, is only attained when 
mechanical work or electrical energy from water power is available and 
fuels are scarce. Where heat pumps are driven by means of steam or 
gas engine, the ].)rocess is \aneconomical, since, in driving these engines, 
the heat supplied amounts to 10-15 times the heat equivalent of the 
pump work. 

As compared with heating by means of an electrical resistance, how- 
ever, a heat pump, driven by an electric motor, always shows a saving in 
electrical energy.*'' 

Distillation and concentration by means o! heat pumps. The term 
“ distillation ” means the evaporation of a liquid followed immediately 
by condensation of the vapoxir formed. Water is distilled in order to 
remove the solids dissolved in it. These solids are not carried over with 
the vapour during evaporation. By concentration of a solution (e.g. a 
salt solution) is meant the partial evaporation of the water (or other 
liquid) in order to obtain a stronger solution. The vapour thus formed 
can either be condensed, as in distillation, or rejected to the atmosphere. 

In both processes, evaporation, involving the supply of sensible and 
latent heat, is necessary. This heat supply is not, however, lost, as it is 
contained completely in the vapour, and can be regained during con- 
densation and xmdorcooling. The heat thus regained might be used for 
other purposes, but it may also be used to generate more vapour in the 
evaporating vessel. As opposed to steam generation, it will thus be seen 
that fundamentally distillation involves no supply of heat when the 

* See Archiv. d, Wdrmewirtsch (1929), page 407. F. Merkel. Das Energieproblem 
der elektrisohen Heizung. 
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distillate is reduced to the initial temperature of the impure water. In 
practice, however, the diiBculty arises that the temperature of the vapour 
formed is, at most, equal to that of the evaporating water, ivhile it ought 
to be several degrees (10 to 20^" F.) higher if the heat is to be returned. 
This dilSficulty is overcome in the compound evaporator by leading the 
vapour from the first evaporator to a second evaporator, in wliich the 
pressure, and hence also the temperature, is lower than in the first. 
This means that the incoming vapour can act as a heating agent and is 
thus condensed in the second evaporator. The condensate so formed is 
now the distilla-te of the first evaporator. The weight of vapour formed 
in the second evaporator equals the weight of distillate from the first 
evaporator. The newly formed vapour can, in turn, be passed to a third 
evaporator in which the pressure is still lower, whereby an equal weight 
of vapour is again formed. With three evaporators in series, therefore, 
three times as much distillate is formed as that delivered by one cvaq)ora- 
tor with the same expenditure of heat. If H is the ho(it recjuircd to pro-’ 

duce I Ih. of distillate, using one evaporator, then ^ is the heat required 

when three evaporators in series are used. By increasing the number, 
the heat required would be reduced to a negligible amount, but in practice 
only a few are used in series. 

In the first evaporator the pressure might bo 3()lb./u).^ abs., corre- 
sponding to a temperature of 250'3° F. In the second evapoT’ator the 
pressure is reduced to 14*7 Ib./in.^, so that the temperature is now 212*^ F. 
In the third evaporator, for a temperature of 175° F., the pressure would 
have to be about 7 Ib./in.^ abs., i.e. below that of the atmosphere. 

The process involving the use of a heat pump in order to establish 
the necessary temperature difference, so that a regain of heat maiy be 
obtained, is totally different from the above process. The hot vapour 
at the pressure ^iid the temperature is removed by a compressor 
(for large quantities of vapour a turbo-compressor is ])rcferahle) and 
compressed to a higher pressure The temperature is thus raised to 
^2 > ^ 51 - If the vapour is dry saturated before compression, it will be 
superheated after adiabatic compression, and in this state is led to the 
heating coils in the evaporator, where it gives up its superlicat and latent 
heat. To effect this, it is essential that the pressure in the cjoils should 
be sufficiently in excess of p^ to cause the saturation temperature to 
be high enough to allow a reasonable rate of heat transmission. The 
latent heat forms by far the largest portion of the hea<t transmitted, and, 
in order to have a reasonable size of heating surface, saturation tem- 
perature drops of between 10° and 20° F. are required. 

Fig. 298 shows a diagrammatic lay-out of evaporator with heat pump. 
The water to be distilled, or solution to be concentrated, is first boated in 
the evaporator by means of steam at the saturation temper a, ture 
(e.g. 212°). The compressor is then started and draws in vapotir from 
the evaporator and compresses and delivers it to the heating coils, where 
its superheat and latent heat are given up. The hot condensate collects 
in the lower part of the evaporator and flows from there to the preheater, 
where it gives up its liquid heat to the impure water supplied from a 
high level tank. This water is thus raised to about F. and, after passing 
through the preheater, is led to the evaporator. The condensata, on the 
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other hand, i.s cooled (Jowii to about room temperature and then flows 
from the preheater to the distilled water tank. In the case of concentra- 
tion, the process is essentially the same. The licpiid in the evaporator, 
however, becomes continuously riclmr in the dissolved siihstances, which 
do not evaporate. As soon as the desired concentration is attained, the 
solution is removed to a. s{)eeial vessel. 

The direct heat reqiiii-ed consists only of that necessary to start the 
evaporation, and is thus an unimportant factor in the process. The 



important item in determining the efficiency is the work required for the 
compressor. Neglecting all losses, the adiabatic work of compression for 
1 lb. of vapour is 

■ 1 

(574) 


or, more simply, from the II(l> diagram for steam, 

AP == 

i.e. the difference in total heats after and before adiabatic compression. 
The compression temperature follows from (page 108) 

0-236 

= r = (576) 

or it can be obtained more exactly from the diagram for steam. 

The saturation temperature drop At — ^ is given by the steam 

tables. 
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The weight of steam, in pounds (or tlio weight of distilled water) 
which can be generated with an expenditure of 1 B.Th.U. of compressor 

work is equal to Hence, with 1 h.p. hour = 2545 B.Th.U., the 
4^ . 2545 

weight of water distilled is lb. 

The heat quantities involved in the proecvss ai'o best rc])resented on 
the heat diagram (inset in Fig. 298). In order to evapoi-ate 1 lb. of 
impure water, the latent heat is required, i.o. tlio area, below EA. 

The compressor work AE is represented by the area EABCD, since 
the total heat of the compressed steam at state 7^ is represented by 
the whole area below BGDO'', while that of the steam Ixdore eomf)rcssion 

P is represented by tlie area, below A EC", 
The same work is represented by the 
shaded area on the pressure- volume 
■32d' diagram. 

Heat equal to the total area below 
-sod" BODE is given up by the compressed 
I steam in the evaporator. This heat is 
-280 greater than the latent heat by the 
amount AE B.Th.U. Even allowing for 
-26(7 reasonable losses, the heat is thus sufficient 

to effect evaporation, so that with suffi- 

,.24(1 ciently high compression a continuous 
operation of the process is possible without 
-22() ^ supply of additional heat. Actually, 

A the available heat in the compressed steam 

f>70Q Entropy^ is higher than that given up, since the 

299 losses in the compressor increase the total 

heat of this steam. 

With B.Th.U. of work, L^^^'Th.U. of heat are raised from to 
the higher temperature (or so that, for 1 B.Th.U., 

PF=^^B.Th.U. (577) 

Fig. 299 shows the compression process to scale on the Tcj) diagram 
for a particular case. The pressure in the evaporator is 14-7 Ib./in.^ abs., 
for which the saturation temperature is 212® F. The condition of the dry 
saturated steam at the end of suction is represented by the point A. The 
temperature difference is to be 40® F., so that th,e saturation temperature 
of the heating steam is 252® F., for which the correspoTiding steam 
pressure is 31 Ib./in,^ abs. Point G represents the dry saturated state of 
the heating steam. CB is the line of constant pressure of 31 Ib./in.^ abs. 
in the superheat field. The adiabatic compression from A is represented 
by the perpendicular through A, which meets the siiperhcat curve in B, 
The temperature due to compression thus rises to 337® F., so that the 
steam on entering the heating coil is superheated through a range of 
85 F®. The compression work as given by equation (574) is 
AE :== 59-5 B.Th.U./lb. 

Hence the weight of distilled water obtained per horse-power hour is 
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954.5 

~ — 42*8 lb. Hiiicc the laicnt heat of steam at 14-7 Ih.lmr abs. is 
59*5 ‘ 

9714 B.Th.U., the heat delivered by an expenditure of 1 B.Th.U. of 
9714 

work is ' - UvS B.4di.lJ. 

59*5 

In this way the curves shown in Big. 300 for saturation temperature 
differences ranging from 10^^ to 55'’' ,B. liave been drawn. The initial 



pressures vary from = 7 to 140 Ib./in.^ abs. The ordinates give the 
weight of distilled water obtained per horse-power hour, and the heats 
delivered per 1 B.Th.U. of work. It will be seen that both values increase 
as the temperature difference is decreased. On the other hand, an increase 
in evaporator pressure means an increase in these values, so that the 
work required for the same temperature drop decreases as the pressure is 
increased. The total tempex^ature rises have also been plotted in Fig. 300. 
The ranges of superheat are given by the ordinates between these curves 
and the dotted line, which gives the saturation temperature values. The 
range of superheat decreases as the pressure increases for the same value 
of temperature difference. 

In the evaporation of solutions, conditions are changed slightly, since 
the boiling point of solutions is higher than that of water and increases 
as the concentration increases. Hence, during evaporation, the saturation 
temperature difference continuously decreases, so that, in order to have 
a reasonable final temperature difference, a larger initial temperature 
difference than that in distillation is necessary. 




574 


TECHNICAL THEUMODYN AMICf^ 


The actual perforuiances arc naturally not so lavourahh^ as those 
shown above for the ideal cases, on account of the uiuivoidablc: inedianuail 
losses in the compressor and the heat losses. Thus Onibeck'^' found, in 
the case of a Linde distillation plant with heat pump, having an evapora- 
tor pressure of 15*22 Ib./hi,^ abs. and a pressure rise of 2*87 lb. /in.- (corre- 
sponding to a temperature rise of 8*6^ F.), that tfie output per kW. hour 
(at switchboard) amounted to 133 lb. of distillate, whereas, with no loss, 
it would be about 2641b. In addition, about 2*6 B.Th.U. of heat had 
to be supplied per pound of distillate. With a terni)erature diflerence of 
14° F. the output was 76*5 Ib./kW. hour, and no additional lieat was 
required. With no loss the output would have l)eon about 15411). of 
distillate. Stodola, in testing a Wirth common salt (concentrator, ol)tained 
a mean evaporation of 4T4 Ib./kW. hour, and, at the end of the test, 
31*3 Ib./kW. hour.t 


DYNAMICAL ACTION OF FLOWING GASES AND VAPOURS 

Pressure of deflected free jets (impulse). An element of a gas movitig 
with uniform speed V over a curved siniace AS and having a mass m, 

exerts a centrifugal force C on the 
surface (Fig. 301). The direction of 
0 is always normal to the surf ace, 
and is thus varuihle; the magni- 
tude of C is de])cn(lent on the 
instantaneous radius of ciu'vature 
r, and is thus also variable, unless 
the path happens to be circular. 
Instead of determining the centi’i- 
fngal pressures from the known 

ecjuation (7 = • , it is bettor, in 



301 the present case, to talco tlic com- 

ponents 0.^ and Gy in the directions 
X and y at right angles to one another. The centrifugal force C is caused 
by the deflection of the mass m from its straight line motion, which it 
tends to maintain. Due to the deflection, the components of the velocity 
V change in the x and y directions. Hence, accelerations and retardations 
are produced in these directions, and these, by the law of mass accelera- 
tion, are proportional to the forces C^ and Cy. 

At D let the velocity components be and Vy, a,nd at a ])oint close 
to D let these change to and V'y (Fig. 301). 

The velocity change in the x direction is, therefore, 

1 ^. = dV, 

and, in the y direction, 


* Z.V.dJ. (1921), page 64. Versuche an Wasserdestillationsanlagen mit Warme- 
pumpe. 

^ Z.VJ.I. (1922), page 160. Wirth, Erfahrungen an Eindampfanlagon mit 
W armeptimpe . 
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If (U is the lime taken for ike mass to traverse this short distance, the 

accelerations (or retardations) are \ and \ so tliat the corresponding 
forces arc 

e.. w (578) 


0 ,. 


Hi 


(It 

(iV, 

dt 


(579) 


Tile moment due to (\ expressed in terms of the distances from the 
origin of the co-ordinates, is 


(\,x (\,y 

or, with tiie values of and T,,, 




.r d\\j- }/ (IV 


(It 


Now, since f/a* - \ j d( 

and (Ij/ Vydf 


it follows that ~ 




or 


I',, rfa- \\,d!j 


Adding this to the numerator in the expression for Adf gives 

df. 

With rr/I',, I l',jd.v d(.v l'„) 
ydV,. ~|- V,,di/ r-- din I',,) 
the numerator heconu‘s 

(l(x V,) d{i/ l\,) 
or, more simj)ly, (l(x y 
^ But we have x Vy - y V^, =■- Va 

(with a as the perpendicular distance from the origin to the tangent at D) 
since V is the diagonal in the parallelogram formed by and Vy. 

Hence - AM m (580) 


Pressure and torque exerted by a continuous jet. By dividing the jet 
into elements of length clb (Fig. 302) each element will exert the forces 
C.J. and Cy. Let the sum of all the x components be and of tbe y 
components Py. The resultant of P^ and Py is then the resultant P of all 
the centrifugal forces acting on the blade, both in magnitude, direction, 
and point of application. 

Now lot ITgep be the weight of the jet passing any cross-section per 
second. In the time dt sec., i.e. the time the jet takes to travel over 
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the path db, the weight llowing through 1) (Fig. 502) is If r//. Tins 
weight is also represented by the element lying between D and D\ the 
mass of which was taken as m above. 


Hence, 


m 


fF... dt 


This gives, for the components of the centrifugal ])roHsui’es, 

Q __ ^ sec dV^ ^ fF c 

~ 0 dt "" ']] • 


(581) 


and . (582) 

.7 

The torque due to the centrifugal pressure about the origin is 

A.¥ = - (583) 



The sum of all the x components between A and B is, tlierefore, 

W ® 

= dV, 


or, denoting the values of at A and B by and (Fig. 302), 

W, 

. (584) 


9 




and, similarly, the sum of all the y components gives 


9 




and the turning moment of the total blade pressure is 
M = " 


. (585) 


. (586) 


If V is constant, as assumed here, and if % and are the shortest 
distances of the inlet and outlet tangents from the origin, then 

TF 

jf = « 


Via.,-a^) 


. ( 587 ) 
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If tlie iuniiiig point h(^ consiclcrecl aw sitnatetl somewhere on the 
resultant of all the separate pressures due to the elements, the torque is 
zero, and therefore ~ %, i.e. the resultant P halves the angle between 
the inlet and outlet tangents. Its position is thus easily determined, as 
shown in Fig. 303. In Fig. 302, P has been drawn at random. 

If and a .2 (Fig. 302) are the angles which the blade at A and B 
makes with the x direction, then 



y.x 

== V cos y^.2 = “ F cos Ug 


and 


” V sin a^, = F sin 


and 

p. 

“ y (cos 02 + cos Oi) 

. (588) 



W y . 

— (sin - sin 02) 

. (589) 




may be smaller than ai, in which case P,y is directed downwards, since 
it is positive. P^ in all cases is directed to the right, even if is more 
than 90°, i.e. cos % is negative because 

(180 -ai) > a.y 

The resultant blade pressure is 

P - VPjTiV 

w y 

or ^2 [1 + cos (ag + %)] . (590) 

If 

The direction of P with the horizontal is given by 

^ , P,, sin a, - sin 

tan 6 ^ -rf ^ 

^ Fj, cos ai H- cos 

It should be noted that both the magnitude and direction of the 
blade ])ressure are independent of the form of the channel. They are 
determined by the inlet and outlet angles alone. The position and direc- 
tion of the resultant force acting on the blades are determined as shown 
in Fig. 303. See page 593 regarding the work done by impulse forces. 

Example 5. Pipe bend of 90° (Pig. 304). With % + €(2 = 90°, the 
resultant impulse is 

TF F - 

-mk rf RR(S r 

9 


38— (5714) 
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Example 6. Pipe bend of 180°. With aj |- ~ 0 

P ^ 9 


Thus, if steam at 170 Ib./in.^ abs. flows through a pipe of 4 in. diameter 
with a speed of 130 ft./seo., then, with p — 0-375 Ib./ft.^, wo have 

Wseo = i (f)' ^ ^ 

This gives, for a 90° bend, 

P - ^ 26 X 130 X 1 -414 _ 

■ “ 32-2 

and, for a ISC'” jend, 


P = 344 lb. 


Example 7. Blade at rest, with ai == 20° (entrance angle) and a 2 20° 
(exit angle), as shown on Pig. 302. 

Since cos ai = cos 02 == 0-94 

and sin = sin a 2 == 0*34 

we have here P* = V (0-94 + 0-94) = 1-88 


7 I - 0-34) = 0 
ff 


The jet pressure in the y direction is zero. With — 1 lb. and 
Y == 3250 ft./sec.. 


P. = 


1*88 X 3250 


= 190 lb 


Example 8. A free jet impinges perpendicularly on a flat surface. 
Experience shows that, provided the surface be large enoxigh, the jet 
spreads along the surface in all directions. 

The pressure of the jet on the plate is the same as if the jet had been 
deflected through 90°. Choosing the x direction as coincuding with the 
jet direction, we have, with equation (584), 


and 




This relation is frequently used in the experimental determination of 
the discharge velocity of steam, since, by measuring P and W 
value of F is found. 
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REACTION AND WORK OF ACCELERATED GAS AND VAPOUR 

Jets (Wheel). When a gas or vapour jot emerges from a vessel (Fig. 
305) the contents of which are at rest, all the issuing particles flow from 
certain ])oints, such as A, and gradually increase in velocity until, at B, 
they possess the exit velocity. In general, the paths of the particles are 
curved and the motions are non-uniformly accelerating. In 

order to produce this motion, forces in the direction and sense of this 
motion must be ap})lied. If m is the mass of a jet element (Fig. 305, 
nozzle 1), K its velocity, 
dt the time taken to 
cover the distance ds ^ ^ 
along the direction of 
motion, dV the in- 
crease in V during this 

time, so that is the 
dt 

acceleration, then the 
driving foi’co is 

This force, the mag- 
nitude and direction 
of which continuously 
change during the dis- 
charge of the element, 
is easily demonstrated 
experimentally by the 
backward opposing force (reaction), without which it cannot be pro- 
duced. This reaction is transmitted backwards by the gas to the wall 
of the vessel. The point at which it acts is found by drawing the line 
of the element backwards (l^^ig. 305). 

Under steady conditions of How all these driving forces and reactions 
act simultaneously. In the following, the determination of the resultant 
both in magnitude and direction will be considered. 

Calculation of the total reaction. The jet is considered as being split 
up into a large number of smaller jets, each of which follows a path such 
as AB. Let the mass of a very short length of one of these be m. The 
force A 7^ on this acts in the direction of the tangent to the path. It is 
advisable to split this force into components APj« and AP^, and the 
velocity V into components V,j^. and Vy. We then have (page 575) 



AZL m 

dt 

Each separate divided jet supplies a fraction of the total weight 
W sec discharged per second, which is calculated as shown on page 240. 
If AW sec is fraction, the weight flowing through the divided jet area 
in time dt is ATfsoc^^* weight is equal to the weight of the jet 
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element itself, since the distance rf,s* is traversed in time dl (Fig. 305). 
This, then, gives 


m = 


so that 




g 

dV,, 

m ”77^ = 


dt 


AW dV 

^ s ec a; 

cit 


9 


or 


A IF 

AP.. = dV,. 


Similarly AP,^ 


9 

AW, 


■dV,, 


By adding all the vertical and horizontal components of a. divided jet, 
the components of the total reaction of this jet are obtaiiied. Hence, in 
the expressions for AP^. and AP,,, the values and alone are 

AF. . 

variable; the required sum is obtained by multiplying — by the 

total change in the jet velocity components along the })ath AB. These 
are equal to the components (V^)^ and of V^y 

TT r> AF, 

Hence = 


g 

AF 




Assuming that all the streams are parallel and have the velocity 
at discharge, the components and Ry of the total reaction are found 
from these by miting the whole weight W sec place of AF^,^.c 
changing the sign. We then have 

F 

y 

w 

y 


The signs are so chosen that the directions of the components of the 
jet reaction are opposite to the directions of the components of the 
discharge velocity. 

The total reaction is 


R = VR^^ + R,^ 

W 

= -y ^ F, (591) 


Maximum reaction in convergent nozzles. (I and II, Fig. 305.) In 
this case the discharge velocity cannot exceed the acoustic Hence, 

for saturated steam, with the values of Fs^c ^max given on page 246, 


R 


max 


3*62 X 5’84^5^a 


0*678 


9 
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Withal == 150 Ib./in.^ the maximum reaction per in.^ of cross-sectional 
exit area is 10r7 lb. 

For gases, 


R 


m ax, 


3-Sl) X B-13 X Pia 

n 


0*764 p^a 


so that, for Pi ™ .150 abs., 

R, ,,,,,, - 114*6 11). 

Where the exit pressure is greater than the outer ])ressurc, the reaction 
is also greater by tliis pressure dihercnce. 

Reaction with convergent-divergent nosszles. (Ill, Fig. 305.) Since 
considerably increased discharge velocities are possible in this case, the 
reactions set up are also correspondingly increased. In the expansion of 
high pressure steam down to a, vacuum of 1 Ih./in.^ abs. velocities of 
about 4000 ft./«Gc. may be attained, in which case 

\V 

R - X 4000 


so tluit, for the same area of nozzle (i.e. the throat area in convergent- 

divergeut nozzles) the reaction is now ^ = 2*67 times greater. Thus, 

for an internal pressure of 150 l])./in.2 abs., A' = 2-67 X 101*7 = 272 
Ib./iu.^ The greater ])art of the reaction occurs in the diverging portion 
of such a nozzle. 

Reaction work. So long as the nozzle chamber is fixed, no mechanical 
work in performed by the jet. If, however, the chamber is allowed to 
move with uniform velocity n < in the direction of the reaction, the 
work performed by the reaction, which is now denoted by R', is 

E = E'n 


E is obtained as follows : The velocity with which the jet arrives at the 
nozzle exit is so that the liberated kinetic energy due to the jet 


V 2 

acceleration is --- per lb. In the free outer space, the jet 

emerges with the absolute velocity (F,, - u), and the energy due to this is 


w 


s e 0 


2i7 




The dift'erenco gives the work performed by the vessel due to the reaction, 

so that E = W J 


V 1/ 


or 


E - IF 


. (592) 
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E 

The reaction B' = — is, from this, 
u 




( 593 ) 


and is thus smaller than the reaction at rest, 

The useful work E depends on the velocity u of the vessel. It attains 
its maximum value, with u — Va, of 

^max = ^^sec ‘ '2g 

the total jet energy is tluai con- 
verted to useful work a-nd the 
absolute velocity of the jet at exit 
is zero. 

For smaller values of n only 
the fraction 

7] = ^ 2 “ - (594) 


is converted to work. For example, 
with = IVa, rrr 1 - = 0*75, 

while, in the case of the im])ulse 
turbine with it = I the effi- 
ciency is Tj ~ 1. 

For the same efficiency the 
velocity u has to be greater in 
reaction wheels. 

Fig. 306 Pure reaction wheel. Consider 

a rotating drum supplied with 
steam at the centre and fitted with nozzles at the circumference (Fig. 306). 
The reaction pressures which act in the opposite direction to the issuing 
steam tend to rotate the wheel in this direction. The maximum torque 
is obtained, for the same position of the nozzle, from the axis, when the 
nozzle is tangentially fitted (nozzle II). The torque is reduced for the 
inclined nozzle III, and becomes zero for the radial nozzle I. 

If, with normal steam pressures, the jet is to exert the full reaction, 
the nozzles must be convergent-divergent in form. 

If the drum be allowed to rotate at a uniform speed by the action of 
the reaction pressure, then useful work can be delivered to a brake or 
other resistance. 

If B is the reaction under steady running conditions, the useful work 
with the tangential nozzles (II) is 

E = Ru 

and, with inclined (the nozzles III) 

E ^ B%t GOB a. 
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The value of N, in particular cases, depends on the absolute velocity 
G with which the steam leaves the drum. For nozzle II, 0= V-u, 
where V is the jet velocity at exit from the nozzle, and for nozzle III' 
0 is the diagonal of the pa,rallelogram formed from V and u. 

For the same values of u and V, C is reduced as a is reduced, and 
hence 'has its minimum value in the tangential nozzle. This will, there- 
fore, show the maximum work, under otherwise equal conditions, while, 
in the case of tlie radial nozzle, no work is performed. 

Useful work of the tangential nozzle. The steam is supplied through 
the axis of the wlieel and is thrown towards the inner circumference by 
centrifugal force. The pres- 
sure 'P 2 entrance to the 
nozzle is thus higher than the 
supply pressure Pi- In order 
to compress the steam from 
Pi to p 2 ’ work is done by the 
centrifugal force acting be- 
tween the axis and the cir- 
cumference. This work is 
equal to n^l2g per lb. of steam 
and equals tlic eom|)ression 
work between 2h 
shown by the area abfe. in Fig. 

307. This work is delivered 
by the turbine itself. 

The discharge velocity V 
from the nozzle is conditioned 
by the adiabatic drop between Pig. 307 

;P 2 u,nd the outer pressure 

This drop is given by the area efede. If Lq is the available work at the 
axis, i.e. the area abed^ the discharge velocity due to this would be Vq, 
which is given by 

F2 



Due to the centrifugal action, the outlet velocity is F > and is 
found from 

^ ^ 2(7 2g 

For a given circumferential speed u, steam pressure and outer 
pressure p\ we then have 

V = = VWW 

The absolute discharge velocity is now V-u and its corresponding 
kinetic energy ™ - . This gives the lost work, so that the useful work 

2g 
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Inserting the value for F gives 


E = 



c\^. 






= “■ (V -f - u) 


alternatively. 


£: = - (V-u) 
U 


The efficiency of the wheel is 



From this we also have 

Ji 1 

" vr^ 


(595) 


(596) 


Example 9. A pure reaction wheel is to operate with saturated steam 
at 140 lb,/in.^ abs. and with an exit pressure of 1*5 lb./iii.‘‘^ abs. Find the 
circumferential speeds for efdciencies of = 0*3 and rj = 0*7, and the 
speeds in rev./min. for a wheel diameter of 3 ft. 

From the diagram the heat drop between 140 and 1-5 Ib./in.*'^ abs. 
is 293 B.Th.U. Hence (from page 461), 


Fo = 223*8 V293 = 3820 ft./sec. 


Also, from equation (596), 


with 

II . 

o 

5 b 

0*7 


u 



^ = 0*179 

0*639 

Hence 

u = 684 

2440 ft./sec. 

giving 

mu 

X3 

= 4350 14,300 rev./min. 


The compression 


Au^ 


head ^ in heat units is 
2 ? 


9-35 119 


Hence the increased pressure at entrance to the nozzle is 
^2 = 155 470 Ib./in.^ abs. 

and the temperature 

\ = 364*6 505*6° F. 

The above treatment holds also for gases. 






Fig. 308 
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Comparison between the pure reaction wheel and the impulse wheel 
with a jet inclination of 15° as in Fig. 318. In Fig. 308 the efficiencies of 

both types have been plotted to a base of i.e. of speed ratios. 

The reaction wheel efficiency approaches nnity only when the circum- 
ferential velocity is a multiple of the steam speed, and becomes unity 


when “ = 00 . 

0 

The impulse wheel attains a maximum efficiency of 7/ '-r- 0-932 when 
u == 0^5 Fq. If the reaction wheel has to have as high an elHciency, it 

must run with a circumferential speed = 3*54 times as high, so 


that, if Fo == 3000 ft./sec., the circumferential speed is 0*5 x 3000 x 3*54 
= 5300 ft./sec., which is unattainable in practice. 

When rj = 0-7, the ratio of the circumferential speeds is ()-f)5/0*25 
= 2*6 ; for the impulse wheel we would have 



Fig. 309 


u = 0-25 X 3000 750 ft./sec. 

and, for the reaction wheel, 

u == 0-65 X 3000 = 1950 ft./sec. 

An impulse wheel having a speed ratio 
of 0-73, which is higher than usual, would 
show no higher efficiency than a reaction 
wheel with the same speed ratio (])oint P). 

The frictional flow losses are less in the 
reaction wheel. By using a large number 
of stages the speed of rotation can also bo 
reduced. 

The pure reaction wheel has never 
been applied commercially. 

Combined effect of impulse and reaction 


forces. If (as in the lower part of Fig. 309) a bend with constant cross- 
sectional area be fitted to a nozzle having a straight axis, then, in this 
straight part, the jet will be accelerated. This produces the reaction 
W 

F^. In the curved portion the jet is merely deflected, and 

this deflection produces the reaction calculated as shown on i)age 
574. Both these forces can he compounded, giving the resultant li, 
which, both in magnitude and direction, represents the combined effect 
of the reaction and impulse forces. 

The conditions are similar in a curved channel (upper part of Pig. 309). 
Each portion of the jet exerts an impulse force, due to the curvature, 
and a reaction force, due to the accelerations of the jet caused by the 
change in cross-sectional area. The separate forces and are not, 
however, found directly in this case. 

The resulting pressure can, for any case, be found when the inlet and 
outlet velocities are known in magnitude and direction, since not only 
the reaction causes acceleration, but also the impulse forces due to the 
change in direction with accompanying change in velocities, and both 
forces can be combined and regarded as a single force. The components 
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of the total pressure of an clement are proportional to the changes dV^ 
and d whether these changes are effected by deflection or by accelera- 
tion due to clninges in area, or by both causes acting simultaneously. 

Carrying out tlic calculation for a, curved channel of variable section 
(Fig. 310) in the same way as for a curved free jet (i.e. impulse, page 574), 
the following is obtained — 

Let the velocity change from ]\ to Fo as the jet travels through the 
passage. By splitting Vi and into the components V-^y, and 
F 2 .U velocity in the x direction increases by the 

amount F^^,. -b 

This acceleration (corresponds to a force acting on the jet in the x 
direction of 


\/ 

u 


: -I’ V,A 


. (597) 



The ()p])osing for-e-e to this, which acts on the blades, is the horizontal 
component 7^, tlie total jet pressure. 

In the y direction, the velocity increases by V<^y - V-iy. This accelera- 


tion corrcs])onds to a force 


IF 


av.c 


17 


(Fjj.y- Viy) acting downwards on the 


jet. The reaction, due to this, gives the force By exerted upwards by the 
blade walls. If Viy were greater than Vc^y, then By would be directed 
downwards. 

The total jet pressure, in magnitude and direction, is found by 
measuring the resultant of B.^, and By. 

The torque duo to the blade pressures about any point is 


M = -- 


where cii and arc the perpendicular distances of the tangents to the 
inlet and outlet edges of the blade from the point of rotation. For points 
on the resultant M — 0, so that = Fi%. In this way the position 
and direction of the resultants P^, and Py are found simply by treating 
Vi and F 2 as forces. Fig. 311 xnakes this clear. The same procedure 
can be followed in obtaining the exact position of B in Fig. 310, where 
it has merely been assumed. 
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Applying this result to the bent nozzle of Fig. 309, it will be seen that 
the resultant of the impulse force and of the reaction force which 
can both be independently determined, must be directed vertically, 
since the horizontal jet velocity, both inside the vessel and at outlet, is 
zero. The jet thus experiences no change in horizontal velocity, and 
only the vertical component increases from 0 to V^, giving a corre- 

W V 

sponding vertical jet pressure equal to - - lb. 

The separate forces are ^ 


R. 




(from page 579), acting on the bend at 45"" upwards to the right , 

If. 


and 


R. 

R. 


acting on the vessel. 


These give R^ — and R R^ 

The triangle formed by Ri^ and R^^ and R is thus right angled. 




The total jet pressure, when F^ — 0, is thus calculable as if it de])cnded 
only on the reaction ; its direction coincides with, but is opposite to, that 
of the jet at outlet. 

If Vi > 0, the direction of the resultant blade pressure is found, as 
shown in the small accompanying diagram in Fig. 310. It is not now 
parallel to the jet at outlet. 

The separation of the impulse and reaction forces in curved blades is 
carried out as shown in Fig. 312. R^ is the diagonal of the rhombus 
formed with as the sides. R^ is proportional to - F^, and acts in 
the direction of F 2 . R is the resultant of both, but is also given by the 
diagonal of the parallelogram formed from F^ and - F 2 . 

ACTION OF STEAM IN STEAM TURBINES 

Consider an arrangement of blades fixed behind one another round the 
circumference of a circular disk, which is fixed to a shaft, and running in 
a closed circular space (Fig. 313). This constitutes the blade disk of an 
axial, simple, or single stage steam turbine. The wheel receives the 
operating steam from a series of fixed openings (nozzles or channels) 
placed directly opposite the moving blades. These channels are inclined 
at the angle % to the direction of motion of the moving blades, which 
move with the speed u, so that the angle of approach of the steam relative 
to the blades is /?. 
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Tho purpose of the stea.ju turbine is to cojivert tlie available work in 
tlio steam to iisc^ful work. This is effeeted by allowing the steam to 
acquire velocity, due to a pressure difference, after which jet pressures 
are exerted on the moving blades, as shown on page 574. If P is the 
component of the jet pressure in the direction of motion of the wheel 
blades which have a* mean s])eed a, the work done ])er second is 


The values of (Zj, and ^ 2 ? tlie corresponding areas and a. 


Fixed Blade 


are so fixed that the pressure of the steam at the nozzle outlet area 

aiul in the wheel chamber, 
is equal to the back or stage 
pressure. In the former case 
the velocity 6\, with which 
the steam leaves the nozzles, 
corresponds to the full drop 
between the initial pressure 


Ad/adaf/C 



Moving Blade 
Channels 



Fig. :ua 


Pju. 314 


2’> and the back pressure 2 >\ and the nozzles are then convergent- 
divergent in shape. In the latter case, Cj is smaller in value and is 
determined by the lieat drop between stage pressure. If this 

exceeds the critical dro]> the nozzles must again be convergent-divergent. 

Impulse turbines. The work which can be obtained from 1 lb. of the 
steam approaehing the wheel is equal to its kinetic energy which, 

as shown on [)ag(i 240, is equal to the area of the adiabatic pY diagram 
(Fig. 314). The steam thus possesses its total kinetic energy at entrance 
to the wheel, whicdi has to convert as much as possible of this energy to 
mechanical work at tlie shaft, so that the ratio PujE^ may be made as 
high as possible, 04us is attained by making the absolute velocity with 
which the steam leaves the wheel, as small as possible by a suitable choice 
of blade atigles and blade speed u. Idle lirst turbines constructed on this 
principle were those of the Swedish engineer, de Laval. 

Velocity and pressure stages. With normal steam pressures of 150 to 
180 Ib./in.^ abs., the discharge velocity from the nozzles is about 3000 
ft. /sec. when discharging to the atmosphere, and about 4000 ft. /sec. 
when condensers are used. If as much as possible of the energy of the 
steam is to be utilized by the wheel, the blade speed has to be about 
half these values (as shown below), i.e. u = 1500 and 2000 ft. /sec. 



590 TECHNICAL THEBMOD YNA MICS 


respectively. This means, in the case of a wheel 3 ft. in diameter, that 
the number of revolutions per minute is n ^ := 12,750, and 

7T X o 


this increases as the diameter is diminished. A])art from the fact that such 
high speeds produce dangerously high centrifugal stresses, there is the 
further disadvantage that, for most practical purposes (c.g. elecitrical or 
mechanical drives) speeds of over 10,000 rov./min. are unsuitable without 
the use of reduction gears. Hence it becomes necessary, in single wheel 
machines, to operate with smaller values of u and n, so that tlie available 
work per pound of steam is reduced, causing an increase in steam con- 
sumption. In order to reduce the blade speeds and still use the steam 
efficiently, two fundamentally different methods may bo used, the one 
consists in the application of velocity stages, the other in the a])plieation 
of pressure stages. Both methods may also bo aj)plie(l together. Instead 
of having a single fixed and moving wheel, several of such ])airs are 
arranged in series, so that each succeeding stage takes the steam exhausted 
from the previous stage and delivers work. 

In velocity compounding, steam acquires its full velocity Gi at 
entrance to the first set of moving blades, but the speed of these is 
considerably less than in a single velocity wheel, and the absolute 
leaving velocity C '2 from the first wheel is higher. The steam now flows 
round fixed blades with this velocity, without change in pressure, aiid is 
then supplied to the second moving blades, the velocity of which is again 
'll. The leaving velocity C^ from this wheel is considerably reduced. The 
process can be repeated again but, due to frictional losses, it is not profit- 
able to employ more than three stages. The more common arrangement 
employs two stages only (Curtis wheels). 

The steam conditions are somewhat different in pressure com])o unding. 
The steam leaves the first set of nozzles or guide blades with a velocity 
of G\, which corresponds to a fraction only of the total pressure drop, 
so that the steam pressure here and throughout the first moving 
blades is considerably higher than the back pressure 'p'l. Of the p V 
diagram (Fig. 314), only the area is converted to kinetic energy, 


i.e. 


Cl 

% 




In order to convert as much of this as possible to useful work, the 
blading is designed as for a single wheel impulse txirbine, but since 
G\ < G, the necessary blade speed is reduced in the same ratio, so that 
it amounts to 

. 0 \ 

Cl 


The steam leaving the first stage at a reduced velocity is now used 
in the second stage. It could be led to a receiver, as in the compound 
steam engine, but as a rule it is led directly to the second guide blades. 
If there are only two stages, the pressure in the second moving blades 
equals the back pressure p[ and the diagram area (Fig. 314) between 

C 

Pi and p' corresponds to the kinetic energy -T- = A'g. If Ei = E^ then 
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c^' C\, and since /// is common to both wheels, the second set of 

blades will have tlu) same blade angles as the hrst. 

Instead of two stages, three or more pressure stages can be used. 
The upper limit of the number of stages is considerably higher than 
that of a velocity com])ouiided wheel. As the number of pressure stages 
is increased, the speed of the blades decreases. The p V diagram then 
appears as a number of horizontally divided strips (Fig. 315) in which 
the number of strips equals the number of stages. The pressure at 




entrance to the guide channels of the various stages equals the higher 
pressures of p,, etc., of the separate strips. . . , . • 

Reaction turbines. This group of turbines is characterized by having 
a further expansion of stciiiui in the moving blades, so that both the 
pressure and relative speed change during its passage through the bkdes 
(Figs. 310 and 313). In the single stage reaction turbine (in which the 
pressure at exit from the- moving blades is ecpial to the back pressure), the 
steam pressure drops from to jq (Fig. 316) in the nozzles or fixed 
blades, and coiitiiiucs to dro]) from pj to the back pressure m the 

moving blades. • . i • 

In the fixed liladcs the area is availaWe lor conversion to kinetic 
energy, while the corresponding area /i'j is available in the moving 
blades, giving 




ig 2(j 


and li-i d- 

The useful blade pressures are effected here (as in the blading shown 
in Fig. 310) by the united action of impulse and reaction of the steam. 

The ratio ^ is called the degree of reaction. Half reaction, i.e. 

FJjj = I a’o oi’^’i = frequently adopted. Experience shows that single 
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stage reaction turbines are unsuitable in practice, not ouly (as in ibe case 
of impulse macliiiies also) on account of the high bhuio speccls necessary, 
but also on account of the high leaving losses when normal steam pressures 
are used. Hence, it is even more necessary in these machines to adopt a 
series of pressure stages, so that in each stage only a fraction of the 
pressure drop is converted to work. Even in the early Parson s turbines, 
therefore, a large number of fixed and moving blade wheels were arranged 
in series without intermediate receivers, so that moderate blade speeds 
resulted. This was particularly necessary where the turbines were used 
in marine work, owing to the low speed of the propeller. The division of 
the drop is shown again by Eig. 315. The dotted horizontal line divides 



the work done in each pressure stage, the upper portion showing the 
pressure drop in the fixed blades and the lower portion the ])ressure drop 
through the moving blades. Fig. 317 shows the arrangement of a series 
of fixed and moving blades in a multistage reaction turbine. 

Work and efficiency of a single stage frictionless impulse turbine, 
(Laval turbine.) Steam, issuing from a convergent or (in the case of 
high pressure drops) convergent-divergent nozzle, Hows with tlie absolute 
velocity C^ and is inclined at the angle to the direction of motion of the 
blades. These blades, of which one only is shown in Fig. 318, have the 
velocity w. 

The pressure due to the jet on the blade is calculated in the same way 
as for the fixed blade. If F is the constant velocity of the jet, relative to 
the blade, then, as on page 577, 

== V (cos + cos ( 

p.= 


and 


V (sin Ui 
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The work donv |H‘r sc^eond by the jcd- is that due to P 


or P bv/ (cos (ii -|- cos (L^) 

In order f.hat thc^ jet may ifi;iide on to the blade without shock, it is 
necessary thaii die l)la<l(^. velocity should have a definite value, con- 
ditioned by ('i and t.iu^ a,n<»:I(‘s and It must eciual the component 
of ('I and V in the direction of motion of the blades. If, say, the blade 
velocity is //' a, then th<> jet causes im])act on the blade" due to the 
velocity (lillhrence k - u' . If on the 
other hand n' >: a, the jet lags 
behind the binders and is driven by 
the next oncoming blade, due to the 
velocity ditTertmce ii • u. Htmce it 
is luu^essary that a' should eijual a, 
since both ethads are harmful. The 
jet then approacdies the blade witli 
a speed Tat tlu^ angk^ nj. Rxjiressed 
more brudly, th(‘ vaJia^ of (\ must la? 
that given by the diagonal of the 
])aralIelograni fornual by u and b. 

(Inlet parallelogram.) 

Assuming, provisionally, that 
(Zj (u, then 



In turbines, this should he as high as ])ossible, or Vn cos should 
have a maximum valin?. ('ailing the iirojeetion of V in the direction of 
motion of tlu? hlad(\s (i.e. the value b cos cz^) b.,^, we have to find when 
Vu eosai ' - h]\^ is a maximum. 

For a giv(‘.n approacdi angle and ajiproach velocity the sum 
n -f- b„ has the tixed value (\ cos a() (Fig. 318). The separate values of 
n and b^^ are, however, different, a.s they depend on the blade angle. 
Their product has a, nuiximum value if 

U r : t*OS 

This follows siu(;(?, in the right angled triangle, the square of the 
height is e<|ual to the pnxluct of the segments of the hypotenuse 
(Fig. 318). 

In this (?ase the work done is 

E OOH^Xo 

It atfcainH its tnaximuiu value when coa^oo = 1, or Uq == 0, giving 



i.e. the whole of the kinetic energy of the jet ia converted to work on the 

39--"(57i4) 
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blades. In practice, this is not possible, and the best that can be done is 
to make aQ as small as possible. 

Again, since cos aQ = 1, 

u = |(7i 

i.e. the blade speed is half the jet speed. Also, approximately, 

= 2ao 


In general, if u deviates from IC^ and deviates from 0°, 

2W, 


E 

g 

which can be written as 


' iiV cos a 


E =: 'u (C-, cos an - 

g 

since u V cos a = (7i cos aQ. 

The efficiency is, with 




(Cl cos aQ - n) 


or 


This shows that rj depends primarily on^the ratio of the blade speed 
to the steam speed, i.e. on the speed ratio. 

u 

This value is a maximum when ^ = I- cos Uq, giving 

Cl 

'^max ~ COS^ Uq 


Tor all ratios of less than cos Uq, rj becomes smaller. The absolute 
Cl 

leaving velocity is found, from 


and 


2^ 2gr 

E , Gi 


to be /l-fj 

In single stage impulse turbines, the steam jet velocity at entrance to 
the blades must be that corresponding to the full pressure drop. In turbines 
with condensers having a vacuum of 1*5 Ib./in.^ abs. and operating with 
supply steam at 1501b./in,2 abs., the value of Ci is 3850ft,/sec. When 
exhausting to the atmosphere, the value is Ci = 2900 ft. /sec. If the 
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approach angle is ao - 18“, then iC\ cos ao 0475 6^ and 
= 0-904. The blade velocities are then, for condensing machines, 

0-475 X 3850 = 1830 ft./sec. 

and for non-condensing machines, 

0-475 X 2900 - 1380 ft./sec. 

The leaving velocities iiro then, ~ 0-31 6\, giving 1 190 and 900 ft./sec*. 
respectively. 

Work and efficiency o! the single stage frictionless reaction turbine. 

The component of the blade pressure li (Fig. 310) is given by the 
total changes in steam velocity in tlie direction of motion multiplied by 
W 

— 9diis (9uinge can be determined as the difference of the com- 
9 

ponents C\ and ( absolute leaving velocities and from the 

guide and moving blades, but it is also given by taking the difference of 
the component rehitive velocities \\ and in the direction of motion, 
since it will be seen (on referring to the ])arallelogram in Fig. 313) that 
the same com|:)onents are obtained whether 6\ be projected directly or the 
components of ] \ and ft be j)rojected to the line of motion of the blades. 
Pig. 313 shows directly that 

tr, p', |. c\-\- {V\~v) 

The ([uickest way of obtaining the result is to take the component 
of (\ iit inlet and the comi)oneuts of V.i and n at outlet. The former is 
cos nj, and the dilfercnce of the latter cos /?2 - u. The sum of these 

Vtdiies Cl cos (Xi d- Po cos /?.> “ 

gives the total change in velocity in the direction of the blade motion. 
Hence the wa)rking component for 1 11). of steam is 


Pj, --- - [(.\ (*os (ii + P .2 cos - 'll) 

and the useful work })er second performed on the wheel is 

P R.^ u 

or P ■■= [Oi cos (ii + ^2 1^2 '^0 

The a/vaihil)le work in the steam is 


E, ^ E, + E, = E, + / E, = jdp *■ 


_i_ 

l~p 2(7 


Of this, the fraction = — is converted to work (efficiency). 

Eo 

Now = 2(1-/3)^ ^oosa, + ^cos/Sj- ^) . 
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In tliiSj u and ^ can have arbitraiy values, imd from tliesc Cj^ and 
(72 

and E-i = ~ are established, can also be chosen at random, and 
2g 

this gives Vi and /?i. Again, p can have any suitable value and gives the 


moving wheel drop E^ 


1 - 


The values and /S^ are, however, 


not arbitrary. Hence, before any general conclusions can be drawn from 
the above equation, Fg and /Jg must be expressed in terms of the other 
values. 

We have Fg^- = 2g E^ 


and 


E, 




JL. IT - _j? 

l-~p2g 


hence 






P pH 


F, is found from the velocity triangle at inlet, sincKs 
= u^ + 0^2 _ 2m (7, cos a. 


Hence 


= 1 + 


V. 




U 


.^>3 




jUiJ 

-r] 


r / 1 1 > 
i-p '■ 




L 1 - p V M 


C'lV o<^i 

■ ' - 2 ~ cos tti 


Inserting this in equation (599) gives 


Va 


2(1 -P)^ 


cos % + cos ^2 


u \2 1 2u cos (Xi n 


(600) 


Cos should also be expressed in terms of the other values. This, 
however, would lead to a very involved expression, and since /?2 
vary greatly, even for as widely different degrees of reaction as 1 : 3 and 
2:3, it is permissible to assume the mean value given for p = 1 : 2, 
especially since the variation in cos ^2 1^®®- Hence, unless an 

exceedingly wide variation occurs in the value of p, we can assume 
cos /?2 = cos %. Alternatively, an arbitrary value of pg b® assumed 
for the different values of p, and in this way the necessary exit areas are 
determined by making use of the equation of continuity 
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In the former case, we have 


The corresponding equation for the impulse wheel is found from 
equation (599) by taking = Fj, and p = 0. This gives 



0-T 0'2 0<3 0'^ O'S 0’6 0-7 02 Os fO 72 7^ 7S 

u:Cf 


Fia 319 

From the velocity triangle at inlet, 

Fi cos = C'l cos aj - u 
Inserting, this gives 

. u ( n 

la = 

as on page 594, 

In Fig. 319 the values of rja, as given by these equations, with 
cos ai = 0-93, % = 21° 30' == and with p = f, and 0 

have been plotted. The reaction wheels show a maximum value of 0-94, 
while the impulse only reaches the value 0*87. For the same efficiency, 
the blade speed of the reaction wheel is always a higher fraction of the 
steam speed than in the impulse wheel, sometimes being as much as 
double, depending on the degree of reaction. For the same total heat 
drop, however, is smaller in the reaction wheel. For smaller values 
of u/Oi than 0*5, as occur almost always in practice, the impulse wheel 
shows a higher efficiency. Next to it the wheel with the smallest amount 
of reaction 1:3, shows the highest efficiency. 

If, therefore, multistage reaction turbines, having values of ulCj_ 
considerably less than 0-5, are to show a high efficiency, it is necessary to 
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choose a small degree of reaction, so that the leaving velocity in any 
stage may be utilized in the directly following stage. 

Wheel speeds and calculations for the frictionless single stage reaction 
turbine. The most important factor in steam turbine design is the blade 
speed The speed of the turbine is limited by that of the machinery to 
be driven, unless gearing or some other system of changing the speed be 
adopted. Turbo-generators run at speeds between 1500 and 3000 rev./ 
min., while, for ships propellers, a speed of 600 rev./min. is considered 
high. Again, since the diameter D of the wheels is limited in size, the 
blade speed, given by 


is limited to values which are relatively small compared with the steam 
speeds given by moderately high pressure differences. Thus, with 
D == 3 ft. and n = 1000, the value of the blade speed is n ~ 157 ft./sec. 
With n = 600 and Z) == 3 ft., 'ic = 94 ft./sec., and with n = 3000, ii = 
470 ft./sec. 

The strength of the wheels and blade fixing also limits the blade 
speeds, due to the stresses set up by centrifugal forces. With u > 900 
ft./sec., considerable difficulties are met with, due to this ; the centrifugal 
force of a turbine blade rotating in a circle of 3 ft. diameter at 900 ft./sec. 
9002 

amounts to — = 18650 times its own weight. 

The steam consumption per horse-power hour is another important 
factor in steam turbine design. Now, as shown below, and also on 
page 597, the efficiency of the blades depends primarily on the ratio u/Gi. 
The steam consumption becomes less (up to a certain limit) as the ratio 
u/Gi is increased. Starting with a definite value of blade speed, the 

steam speed is reduced as — is increased. Hence the heat drop for a 

single wheel turbine is reduced as is increased ; this means that the 

number of wheels necessary for the whole heat drop is increased , and the 
weight and cost of the turbine increases correspondingly. Hence, on 


account of economy, mean values of are required, which lie below 

the best theoretical values. The values of 77 - used in reaction turbines 

vary from 0*5 to 0*3, and for slow speed turbines (such as marine) values 
of 0*2 and less are chosen. 


A third assumption has to be made regarding the angle Uj at outlet 
from the guide blades. It is generally chosen between 20 ° and 30°. A 
fourth assumption has to be made regarding the angle moving 

blade outlet (frequently made equal to %, which gives half reaction), or 
the whole drop is assumed, i.e. Eq = Ex + E^y which, for a knowm value 
of Gxi is the same as assuming a value for E 2 or the degree of reaction. 


Due to the second and third assumptions 


and aij, the inlet 


angle ^x ot the moving blade is determined as in Pig. 320. It becomes 
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smaller as is reduced. For very small values of 77 -, due to this, it 

is necessary in certain cases to increase the value of aj. 

The method of calculation now proceeds as follows. The values of 
u, ujCi, and % are first assumed. This allows the inlet triangle to be 


C 

drawn down, thus giving the blade inlet angle Further, = u — , 

u 

so that Vi is given as the third side of the triangle formed with u and Ci. 
Having found the work in the guide channels is given by 




^ and = 


1 

777-8 




This gives the pressure drop pQ-pi down to the entrance to the 
moving blades, either by using the Hcf) chart or by calculation, as on 
page 219. For small drops it is sufficiently accurate to take 

144 

{Po-2>i) ^0 


in-sh,,. .. . 

giving Pa - ill = lb./m.2 

The most convenient final assumption to make is the heat drop in 
the moving blades. This can either be taken as equal to (half reaction), 



in which case the angles ^2 and % are about equal, or taken greater or 
less than /q, giving ^2 > The first assumption is generally made. 


-^2 <; 

With ha fixed, 7^ is given by 

YJ ^ Yi 
2(7’ ig 

II _ II 

2(7 2g 


Since 


777-8 1 


Eo 


It is necessary that the equation of continuity sn#ini#T-p»fi-^^.T,isTien m 
the moving blades, i.e. 

i ^2^2 

“ ^2 

<h ^ 

% 


giving 
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and, for small drops, 


‘ is given after finding the pressure drop in the moving blades from 


Pi-n 


777-8 A, 


either from the adiabatic equation or from the state diagram, which also 
gives v-y. For small drops it is suiiiciently accurate to proceed as follows ; 

Since -£ = -7^ (page 107) 

in the guide blades 

A % 

= '^0”'^’! = ' 


= «’o ( 1+ 

V ypo y 


and, hence, in the moving blades, 


^2 = 1 


Px-lh 

ypi 


This enables the ratio — of the areas in the moving blades to be 
determined. In order to find the blade exit angle, use is made of 
U sin do 
% sm di 

giving sin /Sg directly if the blade height is constant, i.e. ; sin is 

found from the velocity triangle at inlet. Unequal blade lengths are only 
adopted when the leaving velocity Cg high. 

Finally, the exit velocity triangle is drawn from the calculated values 
of V 2 and sin ^2 the given value of u. The third side of the triangle 
gives the absolute leaving velocity in magnitude and direction. The 
1 C ^ 

expression gives the leaving loss, so that the useful work on 

the blades is 


hi + 


777'8 2g 


The blade efficiency is (neglecting friction) 


'/o - ^ 

Example 10^ The blade speed of reaction blades is % = 23()ft./soc., 
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the speed ratio u/Ci^ = 0-3, the inlet jet angle = 25°, and the dry steam 
pressure at inlet to the guide blades 150 lb./in.‘^ abs. Find — 

(1) on the assumption af half reaction, p = 1: 2 

(2) on the assumption p ~ 1 : 3 ; 

(3) on the assumption p = 2 : 3 

the moving blade inlet angle, the total heat and pressure drops, and the 
efficiency. 

The steam speed is 

Gi = = 766*7 ft. /sec. and —L = 9150 ft. lb. 

0*3 2(7 



Hence h-^ = 11*76 and, from the velocity triangle at inlet, = 560 
ft. /sec., Pi ~ 35°, and sin p^ = 0*574. From steam tables atpo = 

= 3 itAIlh, 

hence po- Pi = i 44~3 = 


and 


3 1 + 


21-2 


M35 X 150 


= 3 (1 + -125) = 3-38ft.3/lb. 


A closer value of the pressure drop can now be found from the mean 
volume 3-19 ft.®/lb., giving 

9150 

^ 144 X 3-i 9 =" 19-95 lb./in.2 
and, correcting for gives 


% = 3 1 + 


19-95 


3 X 11172 


1-135 X 150^ 

== 3-35 ft.»/lb. 

With p = 1 ; 2, we have E.^ — = 9,150. 

Hence = 560^ -|- 64-4 x 9150 
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or = 560® + 767®, which gives Fa = 9^8, as given also by drawing a 

right-angled triangle. Again, 

9150 , 

19 Ib./in ® 


3-35 1 -f 


M35 X 130-05 


3-35 X 
3-78 ft.3/lb. 


Taking the mean volume 3-59 gives, more closely 
9150 


Pi -Pi 


144 X 3-57 


and V, = 3-35 (^1 + j = ^ 

= 4-05 ft.'Vlb. 

id P 2 — 112-2 lb. /in.® abs. 

The H^ diagram gives, with 2 X 11-76 B.Th.U., ~ 112 lb. /in.® abs. 
We now have 

^ 4-05 _ 

% ~ 948 ^ 3-35 ” 
with \ = }i 2 i therefore, 

sin ^2 = 0-574 X 0-715 = 0-41 = 24°) 

which is nearly the same as 

From the velocity triangle at outlet we now find C 2 = 730 ft. /sec., so 
that the leaving loss ^ = 850 ft. lb. = 11-00 B.Th.U. The heat drop 

is 2 X 11-76 = 23-52, hence the efficiency is 
23-52 - 11-00 _ 14-52 _ ^ 

23-52 “ 23-52 ~ 

With p = -I, we have 

E^ = E^ = -Pi = 4575 ft. lb. = 5-89 B.Th.U. 

The inlet values remain unaltered. For exit 
Vi = 560^ + 2^ 4757 

which gives V^ = 785. Also = 9-19 lb./in.‘^, = 3*56 ft.^/lb., 

P 2 = 120-8 Ib./in.^ abs. 

560 3-56 

= 785 X 556 = 

With ft, = ft,, sin ,9, = 0-574 X 0-759 = 0-435, fit = 26°. The outlet 

530? 

velocity triangle is shown dotted and gives = 580 ft./sec. and 

2g 

= 5220 ft. lb. == 6-72 B.Th.U. The total drop is 11-76 + 5-89 = 17-65 
B.Th.U. and the useful work 17*65 - 6-72 = 10-93, giving an efficiency 

^ = 0*62, which is higher than with half reaction. 



AP PLICATION 8 


603 


With p I, we have = 2E^ = 18300, = 23-5 B.Th.U., 

= 560*^ + 2.9 X 18300, so that = 1220 ft./sec., , = 97 Ib./in.^ abs. 
(from chart). 


2 

1 


23*35 




97 

^0 ^ 

1220 ^ 3-35 


0-594 


sin /?2 0*594 X 0*574 = 0*341, = 20°, = 1000 ft./sec,, leaving 

loss = 15530 ft. lb. = 20 B.Th.U. Total drop = 11*76 + 23*50 = 35*26 
B.Th.U. Useful work == 15*26 B.Th.U., r} = 0*43. 


BINARY VAPOUR AND GAS TURBINES 

Binary vapour turbine. Up till recently the only vapour used in 
driving engines and turbines was steam, mainly on account of 
its cheapness and plentiful supply. Recently, however, engineers have 
been regarding the possibility of using other vapours, which, for the 
same pressure and temperature limits, may show higher thermal effi- 
ciencies and thus produce more work for the same combustion heat 
liberated. 

The upper temperature limit for working vapours, of any nature, 
may be taken as about 850° F. Steam at this temperature is superheated, 
no matter what the pressure may be. Now the thermal efficiency depends 
on the saturation temperature corresponding to the supply pressure 
rather than on the superheat temperature, whether or not the process 
involves partial or complete regeneration. The thermal efficiency in- 
creases, therefore, as the saturation temperature is increased. The upper 
saturation temperature for each particular vapour is limited by its 
critical temperature, which, for steam, amounts to 705° F. The corre- 
sponding steam pressure is 3200 lb. /in.^ abs., which is very high for 
prime movers. On the other hand, the critical temperature of mercury is 
considerably higher than 2000° F., and the vapour pressure of mercury 
at 705° F. is only about 20 Ib./in.^ abs., at 750° F. about 3T3 Ib./in.^ abs., 
and at 930° F. about 104 Ib./in.^ abs. Hence, mercury vapour at moderate 
pressures can be used at temperatures which, for steam, would mean a 
considerable amount of superheat. 

In order to show the available work of a mercury vapour turbine, a 
temperature entropy diagram for mercury has been plotted in Fig. 322. 
For the purpose of comparison, a diagram for steam has also been 
drawn in this diagram and, in view of what follows, the weights of the 
two vapours chosen are 1 lb. of HgO and 8 lb. of Hg. The specific heat 
of the liquid mercury is assumed to be 0*033 B.Th.U. /lb., and the latent 
heats are taken from Fig. 218, from which the entropy increase LjT 
during evaporation can be calculated. This gives the limiting curves 
AB^ and C-J). Now the working process cannot be effected with mercury 
alone, because, even at 430° F., the vapour pressure of the mercury 
amounts to 32*5 mm. Hg, i.e. 0*625 Ib./in.^ abs., which is the same as 
that of water vapour at 86° F. ; at the latter temperature, which, on 
account of the air and cooling water temperature, may be regarded as a 
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lower limit, the vapour pressure of mercury is less than Yiro so that 
a mercury turbine operating between 400^^ F. and 86^^ F. would demand 
an exceedingly high vacuum. Hence, the mercury turbine operates 
between temperature limits of 750 and 428° F., and below that (i.e. 
between 390 and 90° F.) steam is used. In order to effect this, the 



Fig, 322. 


mercury vapour, exhausting from the mercury turbine, is condensed in 
a mercury condenser at 428° F. The cooling substance used in the 
condenser is water at 390° F. and 250lb./in.^ abs., which has been pre- 
heated in an economizer. The mercury condenser is thus really a steam 
boiler which is heated by mercury at 428° F. The steam generated in 
this boiler is supplied to a normal turbine with condenser. 

These processes are illustrated as follows by means of Fig. 322. The 
hot gases formed in a normal furnace (oil fired) are first*^ used in the 
mercury boiler, to which the liquid mercury from the mercury cotidenser 
is fed at 428° F. The liquid is thus heated (line ^J5) to 750° F., which 
corresponds to a vapour pressure of 31 Ib./in.^ abs., and then evaporated 

* The hot gases can also be first used in the steam superheater in order to reduce 
their temperature before being supplied round the tubes of the mercury boiler. 
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to dry saturated vapour (lino BC), Tlio mercury vapour is slightly 
superheated to 840"' F. after leaving the boiler (line CE).^ 

At this temperature the mercury vapour enters the turbine, in which 
it expands adiabatically to 428° F, and 0-625 Ib./in.^ abs. (line EF) pro- 
vided the expansion is frictionless. The ideal work is given by the area 
ABGEF, from which the re-heat due to friction, given by the area below 
FF\ has to be subtracted. On leaving the turbine, the mercury vapour 
is wet, having a quality, with frictionless How, of = 0*77, and with 
25 per cent re-heat of q\ ~ 0*87. This wet mercury vapour, weighing 
PFi lb., now gives up its latent heat, represented by the area below FA 
and equal to in generating steam in the condenser. Neglecting 

all losses, the weight of steam, having the quality q^, which is generated 
is If 2 lb., say. The value of If 2 or q^ is found from 


Taking the conditions of the example in Fig. 322, we have 
= 120-6, == 822 B.Th.U./lb., ff^/Pf^ = 8, hence 

8 X 120-6 _ __ „ 

72 = 7i g22 — "" 

With the assumed re-heat, on the other hand, 

^'2 = 1*173 X 0-87 = 1 

i.e. the weight of dry steam generated by 8 lb. of exhaust from the 
mercury turbine is 1 lb. (point L'). This steam is now superheated to 
750° F. by the furnace gases (point Af), and in this condition enters the 
steam turbine, where it expands adiabatically along MN (frictionless 
flow), or along MN' (if 25 per cent frictional re-heat be assumed) to the 
condenser pressure of 0*61 Ib./in.^ abs. 

The work and heat quantities given by Fig. 322 are as follows 
(frictionless cases) — 

Work- Mercury turbine . 259 B.Tli.U. 

Steam turbine . 454 B.Th.U. 

Total useful work . 713 B.Th.U. 


Heats supplied — 

Heating of 8 lb. of luereuiy from 430 to 750° F. = 8 x 320 X 0-033 = 
Evaporation of 8 lb. of mercury at 750° F. = 8 x 111-6 = 

Superheating of 8 lb. of mercury from 750 to 840° F. — 8 x 90 x 0-025 = 
Preheating of 1 lb. of water from 96° to 400° F. 

Evaporation of 1 ~ r/a = 0-1 lb. of water at 400° F. 

Superheating 1 lb. of steam from 400 to 750° F. 


84-5 B.Th.U. 
893-0 B.Th.U. 
18-0 B.Th.U. 
304-0 B.Th.U. 
82-2 B.Th.U. 
200-0 B.Th.U. 


Total heat supplied 
Ideal thermal efficiency rjtf, = 


713 


= 1581-7 B.Th.U. 


♦ The specific heat of mercury gas can be calculated from the molecular 
specific heat of monatomic gases mc^p = 5, giving = 19 ^ ™ 0-025, since 

m = 190-8. As on page 441, however, there can be little doubt that the values of 
in the saturation region are considerably greater than 0-025 and vary both with 
pressure and temperature, but not much seems to be known at present regarding 
these values. 



606 TECHNICAL THERMOD YNAMICI^ 

In order to obtain an equal efficiency, using steam alone, the steam 
pressure would have to be 850 Ib./in.^ abs., with complete T* * * § egeneration 
(see Fig. 280) . Under normal conditions, using steam at 1 ,280 Ib./in.**^ abs. 
the efficiency lies between 0*39 and 041 (Fig. 280), and, even with the 
highest pressures, it does not exceed 042. It is thus noteworthy that a 
combined mercury steam turbine with no regeneration, a.nd with normal 
pressures, can show an ideal efficiency of 045.* The actual thermal 
efficiency is, of course, less than this on account of losses in the boiler, 
condenser, and superheater, as well as in both turbines. Taking the 
combined efficiency of boiler and superheater as 0-80, and the separate 
thermodynamic efficiencies of the turbine as 0*75, gives 

= 0-8 X 0-75 X 045 = 0*27 t 

Turbines of this type (Emmetts) have been built by the General 
Electric Co. in America, and one, developing 10000 kW., has been 
installed by this company in the South Meadow Station, Martfoi'd.:!: 

The large amount of mercury required, and also the poisonous nature 
of mercury vapour, preclude, however, the general adoption of this ty])e 
of prime mover, but the machine offers an interesting example of the 
application of thermodynamic principles. 

The Holzwarth-Schiile combined gas and steam turbine. The funda- 
mental principles of the compound explosion turbitie with high ])ressure 
wheel, receiver, and low pressure continuous strea.m-gas turbine, have 
been dealt with on page 198. The advisability and need of using steam 
in this process could only be referred to there, but a more complete 
discussion of this is given in the following.§ 

Holzwarth had, in his book published in 1911 (Hans Holzwarth, 
Die Gasiurbine, Theorie, Konstruktion mid B(driebs(,r(/thn,!.s.<ir von 2 A'us- 
gefuhrten Maschmen), already shown that it was neeessaiy to use the 
heat in the exhaust gases of the turbine to generate steam, so that this 
steam could be used to compress the charge. 

This was also mentioned by the author in his Volume II (2nd Edition, 
1914), and a fuller treatment will be found in the 3rd and 4th Editions 
(1923). Hence the single stage gas turbine, which, up till then, was 
the only example of this type, could also be regarded as a turbine 
operating with gas and steam. 

In this type, however, the waste heat of the gas turbine was used to 
fire a boiler, the steam from which operated in a steam turbine. This 
process is sometimes adopted in the case of large gas or oil engines. 

In the later two-stage process of the gas or oil turbine (illustrated 
diagrammatically in Fig. 323), steam again plays an important part, but 
in a somewhat different manner from that in the single-stage machine. 
It is essential to keep the temperature of the hot gases, entering the 

* A contributory factor to this is the favourable shape of the Tt/) diagram for 
Hg, which is conditioned by the very low specific heat of the liquid mercury, thus 
approaching the Carnot cycle. 

t Stodola also gives — 0*27. 

I From Power (1927), No. 22. 

§ The process was suggested by the author in 1923 and 1926, while working on 
the Holzwarth gas turbine. See Beport No. 23 of the second World Power Con- 

ference, 1930, in which P. Langer reviews the gas turbine as based on this process. 
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continuous tiow second- stage turbine, belov¥ SbO ’ a,s is also t li(‘ (*asc 
in steam turbines. The temperature of the gases lea-ving tlu^ explosion 
wheel is, however, much higher and ranges from 1400 to JSOO'* F. ’'This 
temperature is, therefore, reduced to 850"" F. by means of dry or wet 
steam by allowing the hot gases to give up part of tlieir heat to a steam 
superheater or to a combined evaporator and superheater. This, however, 
reduced the available work of the hot gases in the ratio of their absolute 
temperatures before and after cooling, i.e. in the ratio of about 

850 + 460 ^ 

1600 + 460 

Since the greater load is taken by the low pressure turl)inc (which 
can be designed according to the well-established rules used in multistage 
steam turbines so that high thermal efficiencies may be expected) a loss 
of this order in the combined explosion turbine is inadmissible. This 
loss will, however, occur if cooling water be used to remove the heat in 
the receiver, but if steam be used as the cooling agent the loss in available 
work of the hot gases is compensated for by the gain in available work 
of the cooling steam, due to the heat absorbed by it.* 

When a heat exchange occurs between the hot gases and dry or 
slightly wet steam, and the steam is at the same pi*essurc as the gases in 
the receiver, not only is there no loss, but, in certain ca.ses, there is 
actually a gain of available work due to this exchange. Denoting the 
available work of the steam before and after heating by Ej and E'/ and 
the corresponding quantities of the hot gases in the receiver by Eu 
and E'li^ the ratio of the total available work after and before the heat 
exchange is 

E 


e.g. for steam and gases at 

p — 42-5 85 140 Ib./in.^ abs. 

and with initial and final gas temperatures of 1650 and 840*^ F., a 
final steam temperature of 750° F. and condenser vacuum of 0*85 lb./in.‘^ 
abs., 

= 1-13 1-052 1-014 

Even for wet steam at 85 lb,/in.^ abs. we have, with 
q = 0-80 0-60 0-40 0-20 

Y}^ = 1-0 0-976 0-968 0-956 

Hence, only a small amount of available work is lost when the cooling 
steam is very wet. 

* Zeitschr.f. Techn. Phy^ih (1930), No. 2. W. Sehiile. Maintenance of available 
work in heat exchange of gaseous bodies. See also page 178. The principle of the 
conservation of available work of gaseous bodies in heat exchanges was established 
by Sehiile in March, 1926, and was applied to the problem of the gas turbine, as 
shown by a communication to the Holzwarth Gas Turbine Co., entitled, “ Gas Steam 
Turbine with Heat Exchange between the Gas and Steam.” 
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llie cooling Kicain (^an Ix^ supplied from au existing steam main or 
cat! be geiieraiiCid by the heat contained in the gases exliausting from the 
turbine. In the former case, the steam will bo almost or completely dry 
saturated, but in the latter case it will be wet. In the lirst case, however, 
the heat required to generate the steam has to be added to the combustion 
heat of the gas turbine, whereas, in the latter the heat required comes 



from the combustion heat of the turbine itself and is thus a direct saving. 
A closer investigation of this case is given below. 

The process is illustrated in Fig. 323 as follows : Air, drawn into 
a compressor from the atmosphere, is compressed to the pressure 
(70 lb./in.“ abs.) and then delivered to the explosion chamber. An 
oil pump serves to deliver the oil to this chamber. Air, and later, 
oil in the form of a fine spray, enter the chamber at 70 Ib./in.^ abs., 
and the air forces the residual gases of the previous cycle through the 
nozzles which are still open (or through a special exhaust valve) into the 
receiver. If a gaseous fuel is used, the oil pump is replaced by a gas 
compressor. The temperature* of the aii‘ is increased in the bomb, due 
to heat supplied by the walls, and is given as 120° F. in Fig. 323. 

Combustion of the charge is now eflEected by electric ignition. The 

For the same reason as applies to gas and oil engines, it is necessary that this 
temperature should be kept low, in order to avoid pre-ignition and to make as much 
use as possible of the combustion space in the bomb, 

40— (5714) 20 pp. 
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value of the explosion pressure depends on the calorific value of the 
mixture. For a normal mixture, showing a calorific value of 50 E.Th.U./ 
ft.3 at S.T.P. the combustion temperature rises, as shown by the com- 
bustion chart, from 120° to 3000° F., provided no heat is lost to the 
chamber walls. If, however, 5*6, or ll-S, or 17 B.Th.U./ft.^ at S.T.P. of 
the charge is lost to the walls, the corresponding temperature rises are 
2730, 2460, and 2140° F. respectively. The combustion pressure, without 
heat loss, rises to 

/460 + 3UUU\ 

[ 460 + 120 ) 

while, with the above assumed losses, the pressures are 385, 353, and 
3201b./in.^ abs. (Fig. 324). 

The controlled nozzle valves are opened as rapidly as ])ossible, so 
that the completely burned products can flow through the convergent- 
divergent nozzles to the explosion wheel which is designed generally as a 
two-row Curtis wheel. Since the pressure in the receiver, which is in free 
communication with the wheel chamber, is 70 Ib./in.^ abs., the hot gases 
expand from the explosion pressure (418 to 320 lb./in.‘'^ abs.) to 70 
Ib./in.^ abs. A heat flow occurs to the walls not only during combustion, 
but also during discharge, and is increased as the time of discharge 
increases, hence this period of discharge should be as small as possible. 
In the limiting case of no heat flow, the expansion is adiabatic and (if 
isentropic) the temperature at discharge from the nozzles is 1870° F., or 
with heat loss in the bomb between 1740° and 1380° F. (Fig. 324). Actu- 
ally the temperatures will be lower than these limiting values, according 
to the measure of heat flow during discharge. The hot gases now act on 
the explosion wheel at these temperatures, and at a pressure of 70 
Ib./in.^ abs. The velocity has a maximum value V at the first instant of 
discharge, and if and H^ are the total heats of 1 lb. of the hot gases 
in the bomb before and after adiabatic expansion to the receiver pressure 
respectively, then 

V == 223-8 VH^~H^ 

If the velocity is to be found from the total heats J per ft.^ at S.T.P. , 
as given by the chart, then, assuming a mean molecular weight of m = 30, 
we have 

F = 774-4 e /2 

and and J ^ can be taken from the chart. 

We have also, with sufficient accuracy, 

^ 144 

i.e. the area CGFH (Fig. 324). 

With Pjv^y = p^v^y and % = 


this becomes 
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V- I 

or = 0-00556 T^ j^l - ^ 

This gives, with y = T26, 

Ji - = 259-8 B.Th.U./ft.3 at S.T.P. 

and, from the chart, 

= 28-7 

Hence == 4,220 ft./sec. 

On the other hand, with the three cases of assumed heat loss, 
Ji - = 24-8, 22, and 18-9, giving 

^•max = 3850, 3620, and 3360 ft. /sec. 


During discharge, the velocity continuously decreases, due to the 
decrease in pressure in the vessel, until it assumes a constant minimum 
value, due to the fresh charge. 

The total available work of the hot gases in being discharged to the 
wheel at the pressure (= 70 Ib./in.^ abs.) is represented by the area BCG 
(Fig. 324), and is thus smaller than by the area CBFH = 

Av('t\ -2 )q). The available high pressure work is, therefore, per pound, 

AE, = H,-H^-Av,{p,-f,) 
or AE^ ABT^ 


and, for the weight corresponding to 1 ft.^ at S.T.P., 

AE^ = - ./^ - 0-00556 ^ 1 - j 

or the combustion heats of 

= 50-0 44-4 38*7 33-0 B.Th.U./ft.s at S.T.P. 

we have 

28-7 24-8 22-0 18-9 

and 

AE^ = 12-7 10-3 9-0 7-6 

f this work, a certain fraction rjui is usefully converted by the 
1, depending on its speed and blade efficiency, the remainder is 
averted to heat and, as such, passes over to the receiver, so that the 
erature there is increased. Assuming = 0-5 gives the useful 
in the four cases as 


rjurAEi = 6-35 5-15 4-5 3-8 B.Th.U./ft.^ 


and the same amount appears as frictional re-heat, 
the receiver is thus increased by about 

270^^ 216'’ 180° 144° F. 


i.e. to 


2140° 1960° 1740° 1526° F. 


The temperature in 


Due to a heat flow to the walls, however, the temperature in the 
receiver is lowered. Assuming the heat lost in this way to be 10 per cent 
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the temperature in the reeeivor 
~ , and thiw amounts, in tlie four cases, to 
1890° 1710° 1490° 1276° F. 

These temperatures have to be reduced in the receiver by steam 
cooling to 842*^ F., i.e. through the ranges 

1048° 868° 648° 434° F. 

which requires a removal of heat amounting to 

24*8 20-5 15-5 10*7 B.Th.U./ft.« at 8.T.P. 

Low pressure continuous flow gas turbine. The available work per 
pound of gas in the low pressure turbine is 

or, per ft.^ at S.T.P., 

= 0-00556 ^ 'A [l-(jy ] 

With y = 1-3, Ts = (840 + 460), and we liave 

AE^ = 9-43 B.Th.U./ft.* at S.T.P. 

If no cooling occurred in the receiver, this work would be increased 
in the ratio of the absolute temperatures and would then amount to 
17-0 15-7 14-1 12-6 B.Th.lT. 

If the low pressure turbine has a thermodynamic efficiency of 83 per 
cent, the useful work, without cooling, would be 

14-1 13-0 11-7 10*5 B.Th.U. 

With cooling, the low pressure work in all four cases is 
0*83 X 9*43 = 7*82 B.Th.U./ft.^ 

Weight of steam generated and work performed by steam. The work 
delivered by the steam per ft.^ of gases is conditioned by the weight of 
steam which can be generated by means of the heat in the exhaust gases, 
and by the range of superheat attained by the cooling steam at the 
receiver. The case in which the steam is generated externally is not 
considered here. 

The available heat in the gases leaving the low pressure turbine is 
found from the temperature range above about 200 '^ F. Now the tem- 
perature of the waste gases is at least 

T 4 = (840 + 460) ** 

Actually, on account of frictional losses, it is somewhat higher. 

Thus, with 


we have 

Po 

^ 45-0 

70 

150 Ib./in.^ abs, 


T, 

= 1000 

905 

760 °F. abs. 

or 

h 

= 540 

445 

300° F. 
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In cooling to 200° P. the heat liberated is thus 
f)-80 4*74 1*91 B.Th.U. 

Hence, for compression pressures above 70lb./in.^ abs,, any attempt 
to save the waste heat in the exhaust gases need scarcely be considered. 

The heat transmitted to the cooling water of the explosion chamber 
in the three cases with 5-6, 11-3, and 17 B.Th.U. heat loss during com- 
bustion and 5 B.Th.U. loss during discharge is 

10-6 16*3 22 B.Th.U. 

The first case, in which no heat is lost during combustion, need not 
be considered here. 

It is now necessary to find what quantity of steam can be generated 
with the aid of these quantities of heat and the condition of this steam 
on leaving the bomb. In the first place it is assumed that no waste heat 
boiler is used, but that a waste heat preheater is fitted, in which the 
cooling water of the explosion chamber is preheated, and that water is 
only heated (under increased pressure) and not evaporated in the cooling 
jackets of the bomb. If the pressure of the water here is 550 Ib./in.^ abs., 
it can be heated to 477° P. In this way the cooling water can take up 
about 430 B.Th.U. /lb. if the supply water is at 60° P. Now, in the three 
cases given above, the heat available for heating the water at the bomb is 

10-0 10-3 22 B.Th.U./ft.» of gasos 

and at the waste heat preheater 

4-74 4*74 4*74 B.Th.U, 

giving a total of 

15-34 21-04 2G-74 B.Th.U. 


Without the waste heat preheater, the weights of water at 550 
lb./in.‘^ abs. which can be heated to 477° P. are 


430 


0*0512 lb. 


while, with the waste heat preheater, the weights are 
0*0357 lb., 0-0490 lb., 0-0622 lb. 


If this hot water be allowed to flow into the superheater tubes in the 
receiver against a pressure of, say, 200 Ib./in.^ abs., wet steam having 
the quality of q is formed. The value of q is found from 

h = K + 24 

giving q == 

With \ = 460, ^2 = 356, = 841, this gives 

q = 0-124, or 12*4 per cent 


The total heat before throttling, reckoned from 32° F., is 460 
B.Th.U./lb. In order to completely dry this steam, the heat required is 
(1 - q)L 2 = 0-876 X 841 = 737 B.Th.U./lb., so that, for the actual masses 
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of steam the heats are 0-0246 X 737 = 18-1 B.Th.U., 0-0379 X 737 = 
27-9 B.Th.U., and 0-0512 x 737 -= 37-8 B.Th.U., or, with preheating of 
the water, 

26*3 36-1 45*8 B.Th.XJ. 

The heats available in the gases are 

20-5 15-5 10-7 B.Th.U. 

It is thus only in the first case, with a heat loss of 6-() IhTh.U. during 
combustion, that the available heat in the gases is capable of evaporating 
the cooling water and superheating the steam thus formed. Since, for 
each 0-0246 lb. of steam, 20-5 - 18-1 == 2-4 B.Th.U. are available for 

2-4 

superheating, the heat available per pound is = 97*5 B.Th.U. 

This means that saturated steam at 200 Ib./in.^ abs, can be superheated 
to a temperature of 570° F. The weight of steam available for work in 
the steam turbine for this case is 0-0246 lb. at 200 lb. /in.^ abs., and 
570° F., which, with a condenser pressure of 0-57 lb. /in.- abs., gives a 
heat drop of 404 B.Th.U./lb., or, for the actual weight, 0-0246 x 404 = 10 
B.Th.U. Assuming a thermodynamic efficiency of 0-83 in the steam 
turbine, the work performed by this unit is 0-83 X 10 = 8-3 B.Th.U./ft.*^ 
of gases. 

The total useful work is now made up as follows — 

Gas turbine : 

High pressure wheel .... 5- 15 B.Th.U./ft.** at. S.T.P. 

Low pressure turbine .... 7*82 B.Th.XJ. /ft.'* at S.T.P. 

Steam turbine ...... 8-30 B.Tli.IT./ft.'* at S.T.P. 

Total .... 21-27 B.Th.U./ft.'* at S.T.P. 

Of this work, part is required to compress the air, amounting to 1 ft.^ 
at S.T.P. (in the oil turbine) from 14*7 Ib./in.^ abs. and 70° F., to 70 
Ib./in.^ abs. This work is, per pound of air with isothermal compression 
and no loss, 

AE, ^ Ap, V,log,'^ 

or, with 2 ? 2^2 = ^^ 2 , 

AE, ^ ART^log,^^ 

and, for 1 ft.^ at S.T.P., 

AE, = 0-00556 X 2-303 T. log 

Pi 

With T, = 'I0 + 460 = 530 and ^ = 4-76, 

Pi 14-7 

AE, = 4-6 B.Th.U./ft.» 

The actual compression work, with an isothermal compression effi- 
ciency of 0-63, is 

^ = 7-30B.Th.U./ft» 
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This gives the net work as 

21-27-7*30 = 13*97 B.Th.U./ft.^ 
so that the overall thermal efficiency is 


13-97 

50 


0*279 


In the five other cases, with 11-3 and 17 B.Th.U./ft.^ loss of heat 
during combustion, the heat contained in the gases in the receiver is not 
sufficient to convert the greater quantities of cooling water to steam. 
On the other hand, the greater amounts of heat in the gases exhausting 
from the bomb and nozzles can be used to generate wet saturated steam 
at 200 Ib./in.^ abs., instead of boiling water at 480° F. For this, of course, 
an evaporator is required, in which the exhaust heat of the gases is 
transmitted. 

Denoting the waste heat by and available heat in the receiver by 
per ft.^ of gases, the weight If ^ of steam formed is given by 


and the quality of the steam generated in the evaporator by 


Taking the values — 


Q„ = 10-6 

16-3 

22 

15-34 

21-04 

26-74 (page 613) 

= 20-5 

15-5 

10-7 

20-50 

15-50 

10-70 

or 

+ 31-1 

31-8 

32-7 

35-84 

36-54 

37-44 

and (for 750° F 

. and 200 Ib./in.^ 

abs., and water at 60° F.), 

H- 

= 1403 - 28 = 

= 1,375 B.Th.U./lb. 

= 0-0226 

0-0231 

0-0238 

0-0261 

0-0266 

0-0272 B.Th.U./ft. 

and q =0-168 

0-445 

0-704 

0-308 

0-546 

0-775 


The available work of 1 lb. of steam at 200 Ib./in.^ abs. and 750° F., 
with a condenser pressure of 0-57 Ib./in.^ abs., is 435 B.Th.U./lb., and 
hence the work performed by the steam turbine with a thermodynamic 
efficiency of 83 per cent is 

8-15 8-33 8*58 9*42 9-95 10-18 B.Th.U./ft.^ atS.T.P. 

The total work delivered is now made up as follo-ws — 


Gas t'Airbine : 

High pressure wliool 
Low pressure turbine 
Stoara turbine . 


5-15 

4-50 

3-80 

5-15 

4-50 

3-80 B.Th.U,/ft.» at S.T.P. 

7-82 

7-82 

7-82 

7-82 

7-82 

7-82 

8-15 

8-33 

8-58 

9-42 

9-95 

10-18 


Total gross work 
Compressor work. 


21-12 20-65 20-20 22-39 22-27 21-80 

7-30 7*30 7-30 7-30 7-30 7-30 


Net output . • 

Overall thermal eflloiency 


13-82 13-36 

0-276 0-270 


12-90 15-09 

0-258 0-302 


14-97 

0-299 


14-50 B.Th.U./ft.® at S.T.F. 
0-290 


A further increase in the thermal efficiency would be possible if the 
thermodynamic efficiency of 50 per cent for the explosion wheel could 
be increased. The above values hold only for a compression pressure of 
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701b./in,2 abs., and a heat of combustion of 50 B.Th.lJ./ft/* at S.T.P. of 
mixture. Taking other values, still higher thermal ell.ciencies can be 
obtained. In addition, there is the possibility of rc-suporheatmg the 

steam by means of the hot gases in the receiver. • , . , 

The above serves to show that large gas, oil, and inilvonzcd fuel 
turbines are capable of equalling the performance of large gas and oil 
engines as well as steam turbines. 



PROPERTIES OF SATURATED STEAM 

FROM 0-25 TO 550 ib. /in . 2 abs.=^ 


PrcK- 

siiro 

lb./in .2 

Abs. 

Tein[). 

■ ° F. 

Huats B.Tii.U./Ln. 

External 
Latent- 
Heat 
144 Ap 

Internal 
Latent 
Heat 
p B.Th.U. 
per lb. 

Spec. Vol. Ft.®/ Lb. 

8011 - 
siblo h 

Latent 

L 

Total 

H 

Steam 

V, 

Water 

a 

0-25 

50*2 

27-;! 

1059*2 

1086-5 

57-0 

1002*2 

1232*0 

0*01603 

0-50 

79-5 

47- li 

1047*9 

1095-5 

59-3 

988*6 

641-0 

0*01607 

0*75 

91*9 

59*9 

1043*8 

1 102-7 

60-5 

983*3 

436*0 

0*01611 

1*0 

101*8 

69*8 

1035*6 

1 105*4 

61-6 

974-0 

333*0 

0*01614 

1-5 

115*9 

83*4 

1028*0 

1111*9 

63-2 

964-8 

228-0 

0*01616 

2-0 

120*1 

94* 1 

1022*3 

1116*4 

64*2 

958*1 

173*4 

0*01623 

3-0 

141*4 

109-4 

1013*4 

1122*8 

65-8 

947*6 

118*5 

0-01630 

4-0 

153*1 

121-1 

1006*8 

1127*9 

67-0 

939*8 

90*5 

0*01635 

5-0 

102*5 

130-5 

1001*2 

1131*7 

68*1 

933*1 

73*6 

0*01640 

(rO 

170-2 

138-2 

996*5 

1134*7 

68-9 

927*6 

62*1 

0*01645 

7*0 

170*5 

144-5 

992*9 

1137*4 

69*5 

923*4 

53*7 

0*01649 

«•() 

182*8 

150-8 

989* 1 

1139*9 

70*1 

919*0 

47-34 

0*01652 

KH) 

193*3 

161-3 

983*0 

1144*3 

71*0 

912*0 

38-38 

0*01659 

12*0 

201*9 

169*9 

977*6 

1147*5 

71*8 

905*8 

32-34 

0*01665 

14-0 

209*5 

177-5 

973*1 

1150-6 

72*6 

900*5 

28-04 

0*01670 

14*7 

212*0 

180*2 

971*4 

1151*6 

72*8 

898*6 

26-78 

0-01671 

HvO 

210*1 

1 84*4 

968*5 

1152*9 

73-2 

895*3 

24-74 

0*01674 

lS-0 

222*8 

191*2 

964*4 

1155*61 

73*8 

890*6 

22-17 

0*01679 

20-0 

227-vS 

196*2 

961*4 

1157*6 

74*2 

887*2 

1 20-06 

0*01682 

25-0 

239*9 

2()S-5 

953*2 

1161*7 

75*2 

I 878*0 

16-27 

0*01691 

3()-0 

250*3 

219-1 

946*0 

1165*1 

76*1 

869*9 

13*73 

0*01698 

35-0 

259*3 

228*2 

940*2 

1168*4 

76*8 

863*4 

11*87 

0*01705 

40-0 

207*1 

23()*2 

934*5 

1170-7 

77*4 

857*1 

10*47 

1 0*01711 

45-0 

274*3 

243*5 

929*6 

1173*1 

77*9 

851*7 

9*37 

0*01717 

50-0 

280*9 

250*3 

924*6 

1174*9 

78*4 

846*2 

8*49 

0*01723 

55-0 

287*2 

25()*7 

920* 1 

1176*8 

78*9 

841*2 

7*764 

0*01728 

60-0 

292*6 

1 262*3 

916*2 

1178*5 

79*3 

836*9 

7*159 

0*01733 

05*0 

297*9 

267*7 

912*0 

1179*7 

79*6 

832*4 

6*630 

0*01738 

70*(} 

302*5 

272*5 

908*7 

1181*2 

79*9 

828*8 

6*187 

0*01743 

75*0 

307*6 

277*8 

904*6 

1182*4 

80-2 

824*4 

5*792 

0*01748 

80 0 

311*9 

282*2 

90M 

1183*3 

80-5 

820*6 

5-453 

0*01753 

85-0 

316*4 

286*9 

897*9 

1184*8 

80*7 

817*2 

5*145 

0*01758 

90*0 

320*4 

29M 

894*5 

1185*6 

81-0 

813*5 

4*880 

0*01762 

05-0 

324*1 

294*9 

891*5 

1186*4 

81*2 

810*3 

4*637 

0*01766 

100*0 

327*7 

298*6 

888*6 

1187*2 

81*4 

807*2 

4*416 

0*01770 

105*0 

331*3 

302*4 

885*6 

1 188*0 

81-5 

804*1 

4*212 

0*01774 

110*0 

334*8 

306*0 

882*7 

1188*7 

81-7 

801*0 

4*031 

0*01777 

115*0 

338*0 

309-4 

880*0 

1189*4 

81-9 

798*1 

3*866 

0*01781 

120*0 

341*2 

312*7 

877*3 

1190*0 

82*0 

795*3 

3*710 

0*01785 

125-0 

344*1 

315*7 

874*8 

1190*5 

82*2 

792*6 

3*571 

0*01789 

130-0 

347*4 

319*2 

871*9 

119M 

82*3 

789*6 

3*438 

0*01793 

135*0 

350*1 

322*0 

869*6 

1191*6 

82*4 

787*2 

3*315 

0*01796 

140*0 

352*9 

325*0 

867-0* 

1192*0 

82*6 

784*4 

3*216 

0*01799 

145*0 

355*6 

327*8 

864*8 

1192*6 

82*7 

782*1 

3*100 

0*01803 

150-0 

358*5 

330*9 

862*2 

1193-1 

82*8 

779*4 

3*002 

0*01807 

155*0 

361*2 

333*7 

859*9 

1193*6 

82*9 

777*0 

2*908 

0*01810 

160-0 

363-7 

330*4 

857*5 

1193*9 

83*0 

774-5 

2*821 

0*01813 


* From Z.V.dJ. (19U), page 1506. W. Schule. Die Eigenschaften desWasser- 
dampfes nach den neusten Versnchen. Berichtigt nach den Munchener Tabellen 
(1923). 
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PROPERTIES OF SATURATED STEAM {contd.) 

FROM 0-25 TO 550 Vo.jm - abs.* 


Pres- 

sure 

Temp. 

Heats B.Th.U./Ls. 

External 

Latent 

Heat 

Internal 

Laic’sni/ 

Heat 

Spec. \^oi 

.. Ft 3/Lb. 

Abs. 


Sen. 
siblc h 

Latent. 

L 

Total 

H 

144 A /) 

p B.Th.lT. 
per lb. 

Steam 

V, 

\Vat(‘r 

a 

165-0 

366-1 

338-9 

855-4 

1194-3 

83-1 

772-3 

2*739 

0-01817 

170-0 

368-4 

341-3 

853-3 

1194-6 

83-2 

770-1 

2-662 

0-01820 

175-0 

370-8 

343-9 

851-0 

1194-9 

83-3 

767-7 

2-590 

0-01823 

180-0 

373-1 

346-3 

849-0 

1195-3 

83-4 

765-6 

2*522 

0-01826 

185-0 

375-4 

348-8 

846-8 

1195-6 

83-4 

763-4 

2-454 

0-01829 

190-0 

377-6 

351-1 

844-7 

1195-8 

83-5 

761-2 

2-392 

0-01833 

195-0 

379-9 

353-6 

842-5 

1196-1 

83-6 

758-9 

2-334 

0-01836 

200-0 

381-9 

355-7 

840-6 

1196-3 

83-7 

756-9 

2-279 

0-01839 

210-0 

386-1 

360-2 

836-5 

1196-7 

83-8 

752-7 

2-175 

1 0-01844 

220-0 

389-8 

364-1 

833-0 

1197-1 

83-9 

749*1 

2*079 

0-01849 

230-0 

. 393-8 

368-5 

829-0 

1197-5 

84*0 

745*0 

1*992 

0-01855 

240-0 

397-6 

372-5 

825-4 

1197*9 

84-1 

741-3 

1*912 

0-01860 

250-0 

401-2 

376-4 

821-9 

1198*3 

84-1 

737*8 

1*836 

0-01865 

260*0 

404*4 

379-9 

818-6 

1198-5 

84-2 

734-4 

1*768 

()-018()9 

270-0 

407-7 

383-4 

815-4 

1198*8 

84-3 

73M 

1*706 

0*01874 

280-0 

410-7 

386-7 

812-3 

1199-0 

84-4 

727-9 

1*647 

0*01879 

290-0 

414-1 

390*3 

809-0 

1199-3 

84-5 

724-5 

1*593 

0*01884 

300-0 

417*4 

393-9 

805-6 

1199-5 

84-5 

721-1 

1*541 

0*01890 

325-0 

424-9 

402-1 

797*8 

1199-9 

84-5 

713-3 

1*424 

0*01901 

350-0 

432-0 

409-8 

790-3 

1200-1 

84-5 

705-8 

1*323 

0*01914 

375-0 

438-3 

416-7 

783*5 

1200-2 

84-5 

t)99-() 

1*237 

0-01925 

400-0 

444-6 

423-5 

776-7 

1200-2 

84-6 

692-1 

1*162 

0-01937 

450-0 

456-3 

436-4 

763*8 

1200-2 

85-0 

678-8 

1*041 

0-01958 

500-0 

467*1 

448-4 

751*6 

1200-0 

84-0 

667-6 

0-928 

0-01978 

550-0 

477*0 

459-6 

740*1 

1199-7 

84-0 

656-1 

0-845 

0-01998 


* From Z. F.cZ.l. (1911), page 1506. W. Schiile. Dio Eigonschaftc'ii (ios Wassor- 
dampfes nach den neusten Versuchen. Berichtigt nach den j\Iunchencr d^abellen 
(1923). 
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SATURATED STEAM 

FROM - 20° C. TO + 9° C. 


'r<*n)ipe ratline ' 

Pr 

Mm. Hg. 

KSSURE 

Lb./in.i“ Abs. 

Specific Vol. 
ft,3/]b. 

- 20 

' 1 

0'9GO 

' 1 

0-01852 

1 

15,942 

- 19 

1*044 

0*02014 

14,741 

- IS 

1*135 

0-02189 

13,588 

- 17 

1*233 

0-02378 

12,530 

!(} 

1*338 

0*02581 

11,669 

- 15 

1-451 

0*02799 

10,687 

- 14 

1*573 

0*03034 

9,854 

- 13 

1-705 

0*03289 

9,101 

- 12 

1-846 

0-03561 

8,428 

- 1 1 

1*997 

0*03852 

7,787 

- 10 

2-159 

0*04165 

7,226 

- 0 

2*335 

0*04504 

6,698 

- 8 

2 521 

0*04863 

6,217 

^ 7 

2*722 

0*05251 

5,752 

~ 6 

2*937 

0*05665 

5,320 

~ 5 

3*167 

0*06109 

4,919 

„ 4 

3*413 

0*06584 

4,518 

- 3 

3*077 

0*07093 

4,198 

— 2 

3*958 

0*07635 

3,910 

- 1 

4*258 

0*08214 

3,637 

0 

4*579 

0*08833 

3,380 

+ 1 

4*921 

0*09493 

3,173 

+ 2 

5*286 

0*1020 

2,964 

+ 3 

5*075 

0*1095 

2,756 

-f 4 

0*088 

0*1174 

2,580 

*f 5 

0*528 

0*1259 

2,403 

4- 6 

0*997 

0*1350 

2,259 

H- 7 

7*494 

0*1446 

2,115 

-{- 8 

8*023 

0-1548 

1,971 

4- 9 

8*584 

0*1656 

1,859 
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SATURATED STEAM 


FROM 0-151b./m.- Abs TO 3 Ib./iu.- Al)s. 


Pressure 

Temp, 

0 

Specitlc 

Volume 

FlA/lb. 

1 )eiisit y 
Lb./ft.» 

HoiM 

Jj H.TiLir. 

p(‘r lb. 

Lb./in.^ 

Abs. 

Mm. Hg. 

0* 15 

7*77 

45*4 

20()5-0 

0-00049SS 

10()3 

0*20 

10*30 

53*1 

1520*0 

0*0006579 

10()0 

0*25 

12*90 

59*3 

1235*0 

0*0008097 

1057 

0*30 

15*55 

04*0 

1040*0 

0*0009615 

1051 

0*35 

18*14 

69*0 

900*0 

0*001111 

1051 

0-40 

20*78 

72*8 

798*0 

0*001253 

1049 

0*45 

23*32 

76*3 

709*0 

0*001410 

1047 

0*50 

25*91 

79*6 

640*0 

0*001563 

1046 

0*55 

28*50 

82*5 

586*0 

0*001707 

1044 

0*60 

31*09 

85*3 

540-0 

0-001852 

1043 

0*65 

33*68 

87*8 

500*0 

0*002000 

104 I 

0*70 

36*27 

90*1 

467*0 

0*002141 

1040 

0*75 

38*87 

92*2 

437*0 

0*002288 

1039 

0*80 

41*46 

94*3 

412-0 

0*002427 

1038 

0*85 

44*05 

96*3 

388*0 

0*002577 

1037 

0*90 

46*64 

98*2 

368*0 

0*002717 

1036 

0*95 

49-23 

100*0 ' 

350*0 ' 

0*002857 

1035 

1*00 

51*82 

101*7 

333*0 

0*003003 i 

1034 

1*1 ' 

57*0 

105*0 

304*0 

0*003290 

1033 

1*2 

62*2 

107*9 

282*0 

0*003546 

103 1 

1-3 

67*4 

110*6 

261*0 

0*003831 

1030 

1*4 

72*5 

113*3 

244*0 

0*004098 

1028 

1-5 

77.7 

115*7 

228*0 

0*004386 

1027 

1*6 

82*9 

118*0 

215*0 

0*004651 

1025 

1*7 

88*1 

120*2 

202*0 

0*004951 

1024 

1*8 

93*3 

122*3 

192*0 

0*005208 

1023 

1*9 

98*5 

124*3 

182*5 

0*005480 

1022 

2*0 

103*6 

126*2 

173*8 

0*005754 

1021 

2*1 

108*8 

128*1 

166*0 

0*006024 

1020 

2*2 

114*0 

129*8 

159*1 

0*006285 

1019 

2*3 

119*2 

131*4 

152*8 

0*006545 

1018 

2*4 

124*4 

133*0 

146*6 

0*006821 

1018 

2*5 

129*6 

134*5 

141*2 

0*007082 

1017 

2*6 

134*7 

136*0 

136*1 

0*007348 

1016 

2-7 

139*9 

137*4 

131*3 

0*007616 

1015 

2*8 

145*1 

138*8 

126*8 

0*007886 

1014 

2*9 

150*3 

140*2 

122*3 

0*008177 

1013 

3*0 

155*5 

141*6 

118*4 

0*008446 

1012 


'Pot til 

llcilt 

il B.Th.U 

p(^r 11). 


1077 

lOSl 

10S4 

1087 

1089 

1091 

1092 

1094 

1095 

1090 
1097 
1099 
1 100 
1 100 
1 101 
1102 
1108 

1104 

1105 

1107 

1108 

1109 

1110 
111 1 
1112 
1 1 1 8 

1114 

1115 
1 1 10 
1110 
1117 

Ills 

Ills 

1119 

1120 
1121 
1121 
1122 


i 
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SKELETON STEAM TABLES* 

MEAN- VALUES AND TOLERANCES FOR THE SATURATED STATE 

PjtlSSSURE AND SpUClEIO VOLUME 



iSat. Pros. Kg. /cm. 2 

Specific Volume m.^/kg. 

''-I'fTllp. 

"C. 

Mcian 

Tolerance 

Water 

Steam 






Valiu' ! 

± 

Mt'-an 

Tolerance 

Mean 

Tolerance 




Value 

i 

Value 

± 

0 

()-()0(i2;i 

0-00001 

0-00 100 

o-ooooo 

206-4 

0-1 

50 

(1-1258 

0-000 1 

0-00101 

0-00000 

12-06 

0-01 

100 

1-033;) 

0-0000 

0-00104 

' 0-00000 

1-674 

0-001 

1 50 

4-854 

0-002 

0-00109 

0-00000 

0-393 

0-001 

200 

15-85 

0-0 1 

0-00 IK) 

0-00000 

0-1270 

0-0006 

250 

40- 00 

0-05 

()-0012() 

0*00001 

0-0501 

0-0002 

500 

87-7 

0-1 

0-00142 

0-00001 

0-0218 

0-0005 

550 

108-7 

0-1 

0-00179 

0-00()05 

0-0089 

0-0002 


* RoHiilting from Iho Steam Table Conforonco lield in Loiulon, 1929. 


lAfEAN VALUES AND 'I’OLERANCES FOR THE SATURATED STATE 
Water Heat and Total He.\t of Stkam 


Temp. ° C. 

Total Jhiai, International Kilo -calorie 

/kg.* 

Water 

Steam 

Moan Value 

Tolerance + 

Mean Value 

Tolerance ± 

0 

0 

0 

595-4 

1-2 

50 

49-95 

0-02 

I 618-5 1 

1-0 

100 

100-04 

0-02 

639-2 

0-5 

150 

150-93 

0-03 

666-0 

1-5 

200 

203-60 

0-04 

667-5 

2-0 

250 

259-35 

0-3 

670-0 

3-0 

300 

321-8 

1-0 

657-5 

5-0 

350 

403-7 

2-0 

617-0 

7-0 


* The “International kilo-calorie” is defiaed as the heat equivalent o£ the 860th 
part of an international kilowatt hour. 
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TECHNICAL THERMODYNAMICS 


SKELETON STEAM TABLES {contd.) 


MEAN VALUES AND TOLERANCES FOR SUPERHEATED Sl’IiAM 

SrEoiwo Volume 


Pressure 

! 

1 kg./cm.^ 

6 kg,/em.“ 

10 kg. /cm. 2 

Temp. 

Mean Val uo 

Toleranc(% 

Moan Val u(^ 

I’olenmcu^ 

M(‘ari Value 

ToUaTUice 

°C. 

m.^/kg. 

± m.»/kg. 

tn.'^kg. 

-f- m.3/kg. 

iti.“/kK. 

;(: ni.-^kg. 

100 

1*730 

0*003 





200 

2*213 

0*004 

0*4331 

0*000() 

0*2100 

0*0002 

300 

2*589 

0*005 

0-532(i 

0*0005 

0*2531 

()*0003 

400 

3* 150 

0*005 

()-62!)4 

0*000(> 

0*3125 

0*0003 

450 

3*395 

0*005 

0-(i78:{ 

0*0020 

0*33()7 

0*0003 

500 

3*632 

0*005 

0-7242 

0*0020 

0*3504 

0-0004 

550 

3-868 

0*005 

0-7720 

0*0020 

0*3845 

0-0004 


Pressure 

26 kg. /cm. 2 

50 kg./cm.2 

1 

1()0 kg./c,m.2 

Temp. 

Mean Value 

Tolerance 

Mean Value 

Tolerance 

1 

Mean Vahu' 

1 

Tohuunce 

® C. 

m.®/kg. 

± m.«/kg. 

m.“/kg. 

± in.’/kg. 

rn.^/kg. 

1 m.»/kg. 

300 

0*1011 

0*0003 

0-0465 

0*0004 



400 

0*1224 

0*0003 

0*0591 

0*0004 

0*0271 

()*()004 

450 

0*1327 

0*0003 

0*0645 

0*0004 

()*()305 

0*0004 

500 

0*1426 

0*0003 

0*0698 

0*0004 

0*0334 

0*0004 

550 

0*1523 

0*0004 

0*0749 

0*0005 

0*036 1 

0*0005 


Pressure 

150 kg. /cm. 2 

200 kg./cmA 

250 kg. /cm. 2 

Temp. 

Mean Value 

Tolerance 

Mean Value 

Tolerance 

Moan Value 

'Tolerance 

°C. 

m.^kg. 

± m.s/kg. 

m^/kg. 

± m.3/kg. 

m.®/kg. 

J- m.»/kg. 

400 

0-0162 

0*0003 

0*01028 

0*00006 

0*00536 

0*00005 

450 

0-0190 

0*0003 

0*01312 

0*00025 

0*00940 

0*00015 

500 

0-0212 

0*0004 

0-01512 

0-00035 

0-01136 

0-0003 

560 

0-0232 

0*0006 

0-01673 

0*00045 

0*0130 

0-0004 
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SKELETON STEAM TABLES {contd.) 

MKAN VA1ATI<\S AND TOLERANCES FOR SUPERHEATED STEAM 

'’I’OTAI, HiCAT. iNTKItNATrONAT^ KiLO-CALORlu/Ko. 


Frossiirt 



5 kg./ciTi.s 

10 kg. /cm. 2 

Toni|). 

M(^aii ViUiK' 

TuU'rai 

Moan Value 

ToleraTieo 

Moan V aluo 

Tolerance 



■f- 


d: 


± 

100 

029-4 

0-1 





200 

()87-r) 

hi) 

082-5 

1-5 

070-2 

1-5 

200 

725-2 

1-5 

722-5 

2-0 

729-5 

2-0 

400 

7S2-4 

1-5 

781-7 

2-0 

780-0 

2-0 

4r)0 

807-7 

1-5 

807-0 

2-0 

805-0 

2*0 

200 

822-0 

1-5 

821-0 

2-0 

820-2 

2*0 

220 

858-0 

2-0 

857-5 

2-0 

856-5 

2*0 


Pr(‘KH\ir(^ 

1 

25 kg./eni.- 

50 kg. /cm. 2 

100 kg./cniA 

Ttaii]). 

"C. 

Mean V7iliu' 

i 

I'oloniiK^c 

J- 

Miuin Value 

'rolcranco 

± 

Mean Value 

Toloraiicc 

± 

200 

719-8 

1*5 

700-6 

2-5 



400 

774-4 

1-5 

704-0 

2-6 

741-7 

3-0 

450 

soo-r) 

1*5 

792-5 i 

2-0 

776-3 

3-0 

500 

S27-7 

I 2-0 

822-0 * 

2-0 

809-5 

3-0 

550 

sr>:i-.s 

S 2-5 

850-0 

5-0 

840-0 

5-0 


ProHSun*. 

150 kg,/cin.2 

200 kg./cm.2 

250 kg./cm.2 

'Temp. 

«C. 

Mean Value 

Tolerance 

± 

Mean Value 

Tolerance 

± 

Mean Value 

Tolerance 

± 

400 

713-9 

2-0 

676-0 

2-5 

622-0 

4-0 

450 

757-7 

3-0 

736-0 

4-0 

712-0 

0-0 

500 

797-5 

4-0 

784-0 

6-0 

769*0 

8-0 

550 

832*0 

5-0 

823-0 

8-0 

812-0 

10-0 
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lU), 136 
Ht.(uuu, 370, 412 
x\ir, 15, 52, 53, 50 
Hqu(4A(4ioii, 454 

roquirod for coinphqci (‘-oinbusiion, 23 
vapour diagram, 438, 444, 450 
Atmosi)h(‘r(', ix, x 
Atomic w(4ght, 0 

Ba HO MET 10 a, rcduciioii io 0*^ C., xiv 
Btmsou boil(a\ 538 
Biliary vapour lurbiTu\ 603 
Boylc\s law, 1 

(Ai^oi^no, 42 
C-alori6(‘ valu(‘, 61 
Oarlam <lioxi(kv -■ 
isot iuTmals, 421 
latiuit luait, 425 

sp(a*ibc lK‘at at. high tcmpcraliiros, 53 
T(^ diagram, 438 
vapour prisssunq 410 
Carnot c‘yi*l(\ 154 

in the n'goncrativc process, 522 
n^vi'rsiHl, 150 

with any working substances l()2 
vvitii gases having variable specific 
heat, 150 

Centigrade heat unit, 42 
Cluiraetorist ici c‘quat ion^ — 

for an (dernenlary changes of state, 10 1 
of gases, 6 

at liigh pn^ssure^s, 324 
of suporheatiai stoam, 371, 408, 414 
Clapoyron- Clausius equation, 426 
Cold vapours, 410, 436 
as working substance in waste luait. 
(uigines, 425 

tabh‘s and diagrams, 5(50 
Combustion, 23 

luait/ do V(4opetl in products, 66 
ineomphdo, 33 
- ticmperaiure — 

at constant pressure, 69 

volume, 80 

Combustion time, 74 
triangle, 32, 36 
Compound expansions, 515 
Compressed air, 325 
motors, 335 

power transmission, 335 
Compressors, two -stage, 333 
Conversion of heat to work, 93 
Critical state of gases, 423 
pressure ratio, 242 
pressures and temperatures, 424 


Cyclie processes, 180 
(dementary, 183 
reversed (refrigeration), 183 
tiiermal efficiency of, 183 

Dalton’s law of partial pressures, 13 
Do Laval — ' 

nozzles, 246, 465 
turbine, 592 
Density, x 

Diesel engine, cyclic process of, 195, 343 
Dipiieuyloxide, 419, 434 
Discharge — 
actual, 252, 255 

theoretical, from nozzles, 236, 238 
t hrough dc Laval nozzles, 246 
througJi measuring nozzles, 256 
sharp edged diaphragms, 258 
throttle plates, 265 
Distillation with the heat pump, 569 
Drying-— 

with cold air, 483 
warm air, 482 

EiuficxENC^Y, thermal, 153, 487 
Energy-— 

equation for gases, 99 
law, 150 
internal— 

of gases and products, 64 
of gases at high temperatures, 131 
of steam, 363 
of substances, 170 
of superheated vapours, 447 
units, 150 
Entropy — 

as a magnitude of state, 187 
diagram for air, CO^, HgO, and pro- 
ducts, 142 

for gases at liigh temperature, 1 39 
for steam. See steam diagrayns. 
diagram of cyclic processes, 190 
in irreversible processes, 204 
of any substance, 167 
of gases, 123, 135 
of saturated steam, 374 
of saturated vapours, 430 
of superheated steam, 377 
Equilibrium between vapour, liquid, and 
solid state, 428 
Ethyl other, 434 
Explosion pressure, 83 
Extraction engines or turbines, 492 

Fiest law of thermodynamics, 93, 149 
Plow — 

compressive with friction, 311 


625 



626 


TECHNICAL THERMODYNAMICS 


Flow — [contd.) 

of gases and vapours with compression, 
224, 229 

of gases and vapours with expansion, 
222, 228 
resistance, 254 

resistance, entropy diagram of, 4()1 
resistance in pipes, 274, 282, 283 
through nozzles, 235 
with back pressures above the critical, 
240 

with back pressures below the critical, 
243 

with large pressure differences, 238 
with small pressure differences, 237 
Flue gas analyses, 32 
Fuels, 20 
gaseous, 22 
solid and liquid, 21 

Gases, ix 

at high pressures, 317 
table for, 12 
Gas explosions, 78 
Gaseous mixtures, 8, 83 
Gas — 
constant — 

before and after combustion, 27 
for mixtures, 14 
universal, 12 
constants, 12 
laws, 1 
Gas engine — 
cycle, 193, 196 
Otto cycle, 338 
Gas turbine — 

Holzwarth cycle, 198 
Holzwarth working cycle, 349 
Holzwarth-Schille combined gas and 
steam, 606 

Holzwarth-Schtlle cycle, 199 
Gauge pressures, xii 
Gay-Lussac law, 2 

H<f) diagram — 

for air vapour, 444 
for steam, 458 

tleat, flue gas, or exhaust loss of, 75 
Heat — 

and work, 149 

consumption in steam engines, 487 
diagrams, 123 
di*op, 455 
pump, 564, 569 
quantities, 41, 43 
High pressure — 
steam, 395 

indirect generation of (Schmidt), 533 
(LofEler), 534 

Impulse measurements, 260 
and reaction forces, 586 
jets, 574 


Tiitornal eoinbustion (^ngiiK^ (0(1 o), 338 
Diesel, 343 

turbine, Holzwarth, 349 
Holzwarth-Sehult', 199, 606 
Internal eiuu’gy, (>4, 1 3 1 
Trroversible ]u‘0(*.ess('s, 200, 203, 204 

Liqueeautiok of gases, 424 
air, 454 

Liquid heat of water, 359 
Lotfler steam boiler, 534 

Manometer, xii 
Mechanical oflicioncy, 486 
equivalent of heat, 93 
Melting points, 166 
Mercury, latent heat of, 419 
steam tiirbiiu' (Finnu^t), 603 
teniperat lire (Mil ropy diagram for, 604 
vapour [)ressiir<^ of, 4 19, 420 
Mixlurt^s, gaseous, 83 
Moist air, 16, 469, 476 
Moistening of air, 480 
Molecular weight, 10 
ituain or appannit, 9 
of gases, 12 

8i)eeilic heat of solids, 44 
from the kiutd ie thiuay, 131 
of gases, 49 

variation with iempiu'at uns 50, 53, 
57 

Nozzles, 246, 262 

graphical calculation for, 4()r) 

Oesat apparatus, 30 

Partial pressures, 15 
Pipes, pressure loss in, 274 
long, 202 
rough, 283 
smooth, 277 
steam, 284 

wdth adiabat ic flow, 29() 
with isothermal Mow, 293 
Polytropic change^ of sta,t <\ 1 12 
Preheating of hu^cl water, 518, 528 
combust i oil air, 528 
Products of combustion' — 
analysis of, 23, 25, 27, 32 
combustion heat (hwelopial in, 66 
d(‘pelld(^lu‘e on calorilic value, 68 
spoeilie heat of th(V 57 
temperature of, 72 
volume for diffenait finds, 72 

Beaction — 
of jets, 579 
wheel, pure, 582 
Refrigeration— 
by means of cold vapours, 549 
by means of water vapour, 560 
Carnot process, 159 
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Kef rigomtion — -{contd . ) 

reversed cyclic process, 

Kefrigerators, 549 
compound, 558 

Kegenerativt^ proccvss, 519, 5;i2 
Kesnperheat ing of steam, 52S 
.Reynolds’ number, 277 

Skcon I) law of thorrnodynamics, 1 54, 1 6 1 , 
170, 187 

in an irrovtu'sible change of state, 20.‘5, 
209 

Staisiblo heat of watm*, 850 
Specific — 
density, x 
heat., 42 
voliim(\ X 

lu'at , mean and true, 40 
of gas(^s, 48 

of solids and liquids, 48 
ratio CyC' , 51, 180 
of CH^, CoH' 4 , OoH., 50 
of CO 2 , 58 
of H 2 O, 54 
of products, 57 
State diagrams — 

for gases, 4, 818, 321, 828 
steam, 412, 415 
Steam — 

accumulators, 540 

constant pressure, 54S 
displacer, 548 

pressxu’c drop (Kuth’s), 548 
at high pressures, 895 
at low temperatures, 480 
at normal pressures, 854 
diagrams, and TVcj), 890 
at low temperat ures, 480 
H<f>, 458 
Ht, 400 

in high }3ressure region, 410 
(mgiiK^ 498 

in tlu'. [)rodiicts of combustion, 20 
actual work, 510 

change of state* of Ht(‘am in the, 888 
eompouml, 515 
Schmidt ’s high pri'ssure, 52t) 
theoreticuil work of steam in the, 405 
uniOow, 517 

unillow, witli short stroke, 517 
using superluniti'd sti^am, 515 
turbine, 588 - (>08 
Superaeoust it^ v<4o(‘it i(‘s -- 

in convtu’gent nozzh‘s, 252, 2()4 
in no!57j('H, 240 


Superacoustic velocities — {contd.) 

in turbine guide blades, 252, 270 
Superheated steam, 869 " 

characteristic equations for, 371, 408, 
412 

Hl)eciflc heat of, 871 
total heat of, 870 

Tempeeatore, xiv, 41, 42 
absolute, 104 
scale, xiv, 165 
Thermal concentration, 72 
efficiency, ideal, 485 
efficiency of cyclic processes, 190 
efficiency of internal combustion en- 
gine-^. 380, 846, 350 
iie\ of steam prime movers, 485 
efficiency of steam reciprocating en- 
gines, 500, 501, 504 
]:)otentia] of steam, 802 
Tliorrnodynamic efficiency, 486 
Thomson-Joule cooling efiect, 452 
Throttle plates, 205 
Throttling, 210 

of actual gases, 452 • 
of vapours, 444 
Total heat- — • 

at constant pressure, 175 
of gases and product s, 04 
of steam, 303, 397, 405, 458 
Triple point, 430 

Uni FLOW engines, 517 

Va ( m um gauge , x i i 

Van der Waal’s equation, 322, 488 

Vapour — 

limiting curve, 421 
saturated and superheated, ix, 438 
specific heat of, 441 
state diagrams, 442 
Vapours, general rc'laiions, 419 
Viscosity, 274 
kinematic, 277 
of air and steam, 281 

Waste laud (mgincs, 425 
Wot vapour, ix, 868, 808 
Work- 

available, 177 

loss due t o flow resistance, 800, 461 
maintenance of, with heat exchange 
at constant pressure, 1^ 
of gases and vapours, 90 yAJ ^ 
of vapour, 484, 455 ^ AJ ^ 
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